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|dentification and Robust Control of the
Nonlinear Photoelectrothermal Dynamics of LED
Systems

Jianfei Dong and Guoqi Zhang, Fellow Member, IEEE

Abstract—In lighting systems consisting light emitting
diodes (LEDs), excessive temperature is a main cause
of degraded luminous efficacy, which leads to reduced
average illuminance and distorted illumination rendering.
Modeling the thermal dynamics of LEDs is hence essential
in designing thermal dissipators and controllers for main-
taining constant illuminance or chromaticity. In the existing
literature, both physical modeling and system identification
have been proposed, which all find the dependence of the
temperature on the input power. When the power fluctu-
ates, e.g. due to dimming control, the thermal dynamics
becomes nonlinear. Moreover, when a photoelectrothermal
(PET) model is used in control synthesis, the nonlinearity
due to the product of the temperature dependent efficacy
and the input power must be considered. These nonlin-
earities are either ignored or linearized in most existing
methods. The main contribution of this work is treating the
aforementioned nonlinearities in a linear parameter varying
(LPV) framework. First, the nonlinear thermal dynamics is
identified by LPV system identification techniques. Then, a
controller to track reference illuminance is designed by
control techniques to be robust to both the temperature and
the disturbance from ambient light. The identification data
and the designed controller are collected from and verified
on real experimental setup.

Heo

Index Terms—Light emitting diodes (LEDs), photoelec-
trothermal (PET) dynamics, nonlinear systems, linear pa-
rameter varying (LPV), system identification, Ho control.

I. INTRODUCTION

L

IGHTING systems based on light emitting diodes (LEDs)
have several advantages over conventional light Sourgesy ot 5 set of different input power levels. The zeros, poles

to driver design methods, e.g. [2]-[6]. On the other hand,
assuming perfect dimming control, light distribution models
have been studied, e.g. in terms of spatial distribution [7]
and color rendering [8]. The methods to control the light
distribution are developed in [9]-[12] to generate desired
spatial illumination patterns and at the same time, improving
the energy efficiency. Besides, control methods have also been
developed in [13] to maintain the color stability of LED lamps.

Another property of LEDs is that their luminous efficacy
gradually decreases as the temperature at their p-n junc-
tions rises [14]. Besides, thermal cycling may cause solder
interconnection fatigue damage in LED light sources [15].
Therefore, the recent research has been directed to model
the thermal dynamics of LEDs, and to analyse their changed
optical properties due to temperature changes. For instance,
LED thermal models have been used in analysing the thermal
resistance and optical power loss in [16], in predicting the
correlated color temperature (CCT) and color rendering index
of phosphor-coated white LEDs in [17], and in reducing color
variation of white LEDs in [18].

In practice, thermal compensation is usually based on a
lookup table of the relationship between the junction temper-
ature and the luminous efficacy. However, this lookup table
is usually calibrated at some thermal equilibrium states, and
cannot capture the transient dynamic response of the LEDs.

Modeling the thermal dynamics by system identification
technigues has been proposed in [19]-[21]. The thermal model
parameterized as a first-order transfer function, and identi-

like “higher efficiency and controllable emission properties, g gains of the transfer functions are all different among the
[1], and hence hold the promise of providing energy-efficiefiterent conditions. This indicates that the transfer function is

dynamic and interactive artificial illumination.

not time invariant, but instead depends on the input power. The

_The controllable emission properties of LEDs can be gfentified zeros, poles and gains at different input power levels
tributed to their high switching frequency in the order of mega,, averaged in [20], resulting in a linear time invariant (LTI)

Hertz. By switching the LEDs on and off with a controlledy,,qe|. The averaged LTI model cannot describe the power
duty cycle, the luminous flux can be regulated. To enablg,

accurate dimming control, many literatures have been devo
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endence of the LED thermal dynamics, especially when the
T;%fameters largely vary in the operating range of the power.
Therefore, in [21], the possible variation of the parameters
from the averaged LTI model is taken into account in the
controller design in terms of model uncertainties by means
of robust control techniques.

Instead of averaging, the parameters under different op-
erating conditions can be interpolated, and described by a
polynomial function of the operating conditions. This is known
as interpolation based system identification of linear parameter
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varying (LPV) systems [22]-[26]. In lighting applications,can be ignored [31]. The flux emitted by an LED in one

the input power usually do not change abruptly, but inste@eriod of the PWM signal is hence proportional to the average

in a stepwise fashion. Besides, the LED temperature alsorrent flowing through it [9], [32], which equals the product

changes smoothly when the input power changes. Therefaréthe duty cycle and the current amplitude. For control and

the interpolation based LPV identification approach is suitahil@entification purpose, it is hence more convenient to take the

for identifying the thermal dynamics of LEDs. duty cycle of the PWM signals as the input to the LED model.
In terms of controlling LED lighting systems, one track of In this work, both the temperature model and illuminance

research is by feed forward control, e.g. in [9]-[11]. Anothenodel of LEDs are described by state space models, where the

track is by feedback control, e.g. PID type of control lawduty cycle plays the role of not only the input variable, but

in [19], [27], using loop shaping techniques based on lineatso a key factor that determines the model parameters. In what

LED models. Optimal control methods have also been appli&alows, the temperature is denoted hyTime is represented

to control LEDs. In [21], the robust control methods are deveby 7. Luminous flux and illuminance are respectively denoted

oped to deal with the uncertainties in the PET model. In [283s ® andy. The duty cycle of the dimming control signal is

LQG control method is applied with an observer to estimatepresented by. Then, the first order state space temperature

the disturbance due to temperature. However, these work nasdel of LEDs can be written in the following form.

not addressed two issues in controlling the PET dynamics of

LEDs. First, the product of the temperature dependent efficacy (1) = Au - 2(7) + Bu - u(7), (1a)

with the input power results in another form of nonlinearity. t(r) = Cy - x(T) + Dy, - u(T). (1b)

This nonlinearity is either ignored or linearized in the methods ) i

aforementioned. It is considered in [29], where a nonline&jere: #(7) is the state variable; andl,, By, Cy, D, are

model predictive control scheme is developed. This methdirameters that depend on the input duty cycle, hence with

however, requires solving a nonlinear programming problefi® subscript @". The duty cycle0 < u(7) < 1. Note that
ince the duty cycle does not instantaneously influence the

online, which is demanding for the microcontrollers (MCUs . )
commonly used in LED lamps. Second, the disturbance of tfmperature of the LEDs, the direct feed through term will

ambient light, i.e. the light from other artificial or natural IightnOt be conS|der_ed in what fOI_IOWS for brevity, 'B'fb = 0.
sources that is not controllable, to the illumination distribution The total luminous flux emitted from an LED light source
is not considered. This work aims at solving the nonlinearifff & cértain duty cycle decays approximately linearly (with
and robustness issues in the control problem, and derivin egligible error) with increasing temperature [16], [18], [20],
controller that is easy to implement on a low-end MCU. 30]. Let ® denote the luminous flux, andl, denot_e the flux

In this paper, we will investigate the system identificatiohenu(7) = 1 at the temperature= 0°C'. The luminous flux
and robust control methods in a unified LPV framework for th&ith an arbitrary duty cycle: and at an arbitrary temperature
nonlinear PET dynamics of LED systems. The rest of the pagef@n be written as
is organized as follows. In Sec. Il, we describe the nonlinear B(u,t) = (B +p-t)-u )
PET dynamics, and formulate the identification and control ’ ’
problem to be investigated. The nonlinear thermal dynamicsvigdiere p < 0 is the constant decaying rate of the luminous
identified by interpolation based LPV identification techniqueffux, ast increases.
in Sec. Ill. The robust control design method is proposed andHowever, luminous flux is usually measured by an integrat-

tested in Sec. IV. Sec. V concludes the paper. ing sphere. For real time control of practical lighting systems,
it is the illuminance, i.e. the luminous flux per unit area, that
[I. NONLINEAR PHOTOELECTROTHERMAL DYNAMICS is measured by a photosensor. In lighting systems, when the

relative positions of a lamp and a photosensor are fixed, the
_ . . illuminance is proportional to the total luminous flux of the
The temperature of LEDs is determined by the input powg{mp [32]. Hence, the decaying illuminance with increasing

to the LED devices. In [20], [21], [30], the dynamic temperatemperature can also be expressed by a linear equation, i.e.
ture model of LEDs is parameterized as a first order transfer

function. In [20], [21], this transfer function is identified at y(u,t) = (yo +n-1) - u, 3)
a set of different input power levels. Its zero, pole and gain

re all different among the different conditions, indicating th . .
are all different among the different conditions, indicat gt\éI:OOC; andn is the constant decaying rate.

dynamics is not time invariant, but depends on the input pow@r . . .
In industrial applications, LED lamps are powered by eith?r Substituting the temperatutelefined by the dynamic model

constant voltage or constant current drivers. The input powe ilsb)_ into Eq. (3), the dynamic response of the |IIum|_nance 0
usually not directly controlled. In dimming control, the powel;he input duty cycle and the temperature can be written as
is regulated by controlliqg the du'_[y cycles of pulse _vvidth m_od- y(1) = [yo + nCu - 2(7)] - u(7). (4)
ulated (PWM) current signals, with constant amplitude. Since

the natural frequency of LEDs is usually in the magnitude of On the other hand, ambient light also has to be taken
mega Hz and much higher than the fundamental frequerioyo account. We shall refer to the ambient light as the
of the PWM dimming signals (usually a few kilo Hz), thedisturbance to the system, and denote itdin what follows.
transient response of the luminous flux to the PWM signalscorporating the disturbanee into (4), the state-space model

A. Description of the nonlinear dynamics

hereyy is the illuminance withu(7) = 1 at the temperature
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describing the response of the illuminance to the duty cycle=1,--- ,n, are defined as the monomials of the scheduling
and ambient light shall take the following form. parameters, i.e.

4(7) = Ay - 2(7) + By - u(7), (5a) pilr) = 07 (1) - 0572 (7) - O™ (7),

y(7) = lyo +nCu - x(7)] - u(7) + w(7). (50)  wherex; ; is a natural number; andl < $°7° k; ; < N with

N representing the polynomial degree.

For a set of fixed scheduling parameters at an arbitrary
time instant, at a fixed working condition, the model (6)
B. Formulation of the Problems is linear time invariant (LTI), and can be identified by any

With the nonlinear dynamics described, we are now rea@issical system identification techniques [33]. This LTI model
to state the two main problems to be solved in this work. is called a local model. When a number of different sets of

Problem 1:Given a set of measured temperature data afgheduling parameters and their corresponding local models
their corresponding input duty cycles, identify a dynamigr® available, the unknown parametric matrices;, B;, Ci},
thermal model in the state-space form of (). can be _gstlmaFed by fitting an mterpolaﬂqn fun_ct|on.

Problem 2: Given a dynamic model in the state-space Specifically in the LED thermal dynamics, since the para-

form of (5), design a controller which tracks the referencd®€tric matrices of the model (1) depend on the input duty

iluminance, and is robust to the ambient light disturbance €YCl€S, it is natural to take: as a scheduling parameter.
The block diagram of the control loop is shown in Fig. 1 Besides, in lighting applications, the dimming commands are
manually input via a control terminal. The changes in dimming

Disturbance: w, level hence cause the duty cycle to change in a stepwise
ambient light fashion. This motivates to use the change between the two

The dynamics is obviously nonlinear.

adjacent different duty cycles as another scheduling parameter.
Reference + . .
iluminancerT Duty y In summary, we consider two scheduling parameters that are
cycle:u related to the duty cycles, i.e.
Nonlinear Photoelectrothermal dynamics
91 (T> = UP(T)v (7)
Fig. 1. The feedback control loop for tracking the reference illuminance. 92(7') = U(T) - Up(T)~

Here,u, (7) represents the duty cycle in the nearest past time
when the duty cycle is different from the current one. In other
words, u,(7) = u(7,) for the largestr,, satisfyingr, < 7
and u(r,) # u(r). For brevity, we shall refer t@,(r) as

) ) i ) ] _ the previous duty cycle, anh () as the changed duty cycle.
This section will solve Problem 1, and identify the no”"”eaébviously,o <0, <1, -1<6,<1and0<6, +6,<1.

I1l. SYSTEM IDENTIFICATION OF THE NONLINEAR
PHOTOELECTROTHERMAL DYNAMICS

thermal dynamic model of (1). The benefit of using two scheduling parameters, instead of
just the duty cycle, is that the step size of each dimming
A. LPV model description action is also taken into account, and can hence better track

. he transient response, when the duty cycle changes.
The state space model (1) contains the parameters thajrhe key in LPV identification techniques is to properly find

ieﬁzrﬁgz ?\r;rflri]r?egrpula dtl;?s/ gﬁ!t?jn "?H“é f gnﬁzggﬁ; ?Nr:ﬁ ba set of fixed local conditions, which cover the full working
described by the following linear parameter varying (LP\&ange [26]. The local conditions are usually found on a grid of

del. wh ters d d hedull ; e scheduling parameters [22], [26]. For the two scheduling
model, whose paramelers depend on scheduling parame e[‘.;%rameters of the LED thermal dynamics defined in Eq. (7),

i i a step size 00.2 is taken for both9; andf,. There are hence
#(r) =Y pi(r)Ai-a(r) + > pi(T)Bi-u(r),  (6a) totally 15 local models, corresponding to the following local
i=1 i=1 conditions, i.e. LM1{6; = 0,60, = 0.2}, LM2: {6; = 0,0, =
o 0.4}, LM3: {#; = 0,6, = 0.6}, LM4: {#; = 0,0, = 0.8},
tr) =D ua(r)Ci - (7). (6b) LM}5: (6, ={o,92 — 1, LM6:}{91 - 0{2,92 — 0.2}, LM7}:
=t {61 = 0.2,6, = 0.4}, LM8: {6, = 0.2,0, = 0.6}, LM9:
Here, the weightgu,;(7), i = 1,---,n,, are real numbers, {#; = 0.2,0, = 0.8}, LM10: {6; = 0.4,6, = 0.2}, LM11:
and depend on the scheduling parameters to be defined lafér. = 0.4,0, = 0.4}, LM12: {6; = 0.4,6, = 0.6}, LM13:
{4;,B;,C;},i=1,---,n,, are a set of model parameters tq#; = 0.6,0; = 0.2}, LM14: {#; = 0.6,0; = 0.4}, LM15:
be identified from experimental data, is the number of these {6, = 0.8,0, = 0.2}.
parameters. For instance, the input dependent state mgirix For the weights defined in Eqg. (7), up to the fifth
can be written asA, = > (1) A;. order monomials are tried. The following monomials are
The scheduling parameters that determine the weights nfaynd to be the best bases to form the polynomial in-
be the states, the inputs, and/or the outputs, and are meatrpolation function in terms of the fitting accuracy, i.e.
able. These parameters may have multiple dimensions, and 8@, 0, 61602, 67,603, 60202,0%,603. Son, = 9; and there are
denoted by;,j = 1,--- ,ng. In[22], [23], the weightg:;(7), 15 local models withl5 different pairs of poles and gains.
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B. Identifying a set of LTI local models D. Experimental setup

To identify an LTI system, a wide range of classical methods The junction temperature of LEDs is difficult to measure. In
can be used. We choose to use the ARX (autoregressive W8], an infrared thermal imaging system is used to measure
exogenous inputs) method [33], because it turns out to He surface temperature of the LEDs, which is however slightly
superior to the other classical methods in this specific probldgywer than the junction temperature. In [21], the junction
of identifying local LED thermal models. temperature is not directly measured either, but instead es-

The excitation signals are chosen to be a pseudo-randifated by pulse forward voltage method [34]. To avoid the
binary sequence (PRBS), shifting values betwegnand difficulty in measuring the junction temperature, we measure
01 + 6. Therefore, both dimming up and dimming down aré'e temperature on the LED board instead. Another benefit of
described by the same local model. The rising temperature™§asuring the board temperature is that the heat dissipation
dimming up can be followed by the increase in the input du)f the board is also incorporated in the thermal dynamics, and
cycle u; while the descending temperature as dimming dowifnce does not have to be modelled alone. Note that the board
can be tracked by the decrease in it. temperature mo_del depends on several parameters, i_ncluding

The identified first order local models can be realized in t8€ thérmal resistance respectively between the junction and
following state-space form. the soldering point, between th_e solder_mg point and the board,

and from the board to the ambient environment. The influence
i(T) = Aj - x(1) + u(r), (8a) of th_ese parameters is .manife.sted.i_n the measured data, and
t(r) = K, - z(r). 8y canin turn be included in the identified model.
The experimental setup is shown in Fig. 3, whose compo-

local model. This model is equivalent to the transfer functio®&CT of 3000K, and are soldered on a MCPCB board. The
K picture of the LED board and its electrical diagram are shown

A in Fig. 4. Five strings of three serially connected LEDs are
connected in parallel. The LED board is powered by a constant
C. Interpolation of the local models current driver, supplying 880m A current to the entire board.
The voltage dropped across each string of serially connected
Based on the local models (8), the LPV model (6) of thegps jsg 91, In average, the amplitude of the PWM current
LED thermal dynamics shall take the following form. signal input to each LED ig6/m A. The fundamental frequency
ny of the PWM signal is set at 1000Hz to avoid flicking. The
i(r) = Zm(T)Ai () + u(r), (9a) Voltage dropped across each LED is ab2wit7V'. Both the
im1 current and voltage are within the rated operating range of
i this type of LED.
t(r) = ZNi(T)Ki (7). (9b)  The dim port of the driver is connected to an MCU, which
=1

Select the local conditions on the grid of the scheduling

n .
Cu= Zi:1 :“i(T)K’i’ in what follows. arameters ¢, and 6, , according to the definition of Eq. (7)

Denote the identified pole and gain of the j-th local model
respectively byA; and K, j =1,--- , M, whereM denotes

For brevity, we shall still denoted,, = Z?;‘l wi(T)A; and (
p

j At each local condition, generate the PRBS excitation
the number of different local models. The unknown parame- signal, shifting between @, and ¢, + 6,

ters, A;, K;,i = 1,--- ,n,, can be estimated by solving the v
following least squares problem [22]. Excite the LED system with the PRBS signal defined at eac
local condition, and collect the board temperature

2
. M 2 3
MDA, K i1, g, D1 [(Aj - #i,in) +
N 2 . .
( K;— 221 i K’i) ] , data to identify each local model by the ARX method, and

h
v
(10) Use the PRBS signal and the recorded board temperature
find its pole and gain, i.e. {,?1 K,j=1- M}
L7

Hereg Hij is the i-th _Weight evaluated at the J:'th local Compute the nine monomials of the scheduling parameter:
condition. Specifically in the LED thermal dynamick] = for each local model, 1, 4, 6,, 6,0,, 6, 62, 6°6,, 6", 6
15,n, = 9; andy;, ; are calculated by ¥

S]
[ Solve the least square problem (10), derive the parameters)

P =1 pa =01, 3, 92’””‘11] QI’JGQ’JFMS’J 075 {4:,Ki,i=1,--,9} and the interpolation function

pog =03 5 g = 0% 02,5, s =03 pio.j =03 5, 7
with 6, ;,6-; representing the two scheduling parameters [ Formulate the LPV model (9)
measured at the j-th local condition.

As a summary, the system identificati_on ?Igorithm of thl‘-alg. 2. LPV system identification algorithm for LED systems.
LPV model (6) take the steps as shown in Fig. 2.
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converts the duty cycles to PWM signals. The temperature i
measured by a thermal couple glued at the center of the LE
board. Another thermal couple is attached in its neighborhooq
measuring the ambient temperature. The illuminance from th
LEDs is measured by a photodiode. The LED board and th
photodiode are mounted in an opaque chamber. The distan
between them 8.8 meters.

In the identification experiments, 15 different PRBS signals
corresponding to the 15 different local conditions, are useq
to excite the LED thermal dynamics. Each PRBS sequeng
contains 3600 duty cycles, running for 3600 seconds. The ex-
periment is repeated at each local condition, in order to collect

http://dx.doi.org/10.1109/TTE.2016.2619659

N

D1 D2 D3
D4 D5 D6
D7 D8 D9
D10 D11 DI2
D13 D14 DI5
)
DC: 380mA, 8.9V
(@ (b)

the data to identify each local LTI model. At the beginningig. 4. The LED board used in the experiments. (a) Photo. (b) Electrical

of each experiment, the temperature of both the LED boaf@dram.
and the chamber is restored to the indoor temperature. The PC
stores the PRBS signals in its memory. The sampling interval

&

is set at one second. At each second, the PC reads a duty cycle, UEEL) :
and sends it via a USB port to the MCU. In the meantime, ol e vopemen
the PC sends a reading request via another USB port to the -72)
multimeter to read the output from the two thermal couples. -74p
The two temperature values are sent back via the same USB -76f
port. These steps are completed in one second within one o 7%
sampling interval. The measured ambient temperature is only s
used to track the temperature changes in the environment, and -82f
is not used in the system identification. -84
-8.6
-8.8
Sy:;r;::]ni-' £5B PC BB Multimeter < - I 0 5indexofloca\l models:lo 1
erma

F

couple

Controller and
Driver Board

Thermal

A couple

LED Board

Constant Current

DC Power ~
d Driver

Input

h 4

dim

Fig. 5. Fitted poles by the interpolated polynomial function. Dots: poles
of the identified local models. Circles: interpolated poles.

PWM dimming T

Opaque
Chamber

»| Microcontroller

¢ A
Flash
memory

light

The interpolated poles and gains as the functions of the
two scheduling parameters, i.e. the previous duty cycle and
changed duty cycle, are further illustrated in Figs. 7 and 8.
Clearly, both the poles and gains are nonlinear functions of
the two scheduling parameters. Moreover, it can be seen from
Fig. 7 that the fastest pole appears wiien= 0 andf, = 0.8;

illuminance

Photosensor

0.85

Fig. 3. Experimental setup to measure the temperature response and

. R 0.8
the illuminance.

0.75F

gain

E. Identification results

Based on the 15 sets of data measured from the setup,
15 pairs of poles and gains respectively corresponding to the
15 local LTI models are identified. Then, the least squares
problem (10) is solved using the identified poles, gains and

0.7F

0.651

——&— identified local model

=—O— interpolated

the corresponding weights. The fitted poles and gains of the h :
15 local models by the interpolation function are respectively

shown in Figs. 5 and 6. The root mean square (RMS) error of

the interpolated poles and gains are respectitely x 10—
and8.05 x 1073, both less thars% of their average values.

L
10 15

index of local models

Fig. 6. Fitted gains by the interpolated polynomial function. Dots: poles
of the identified local models. Circles: interpolated poles.
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TABLE |
COMPONENTS OF THE EXPERIMENTAL SETUP
Type Name Parameters
LED Everlight 67-21S/KK2C-H3030M31N4293626/2T CCT: 3000K, forward current75 ~ 100mA, forward voltage:2.9 ~ 3.6V
Multimeter Keithley 2700 and Keithley 7700 multiplexer temperature range:-200 ~ 1820°C'

Thermal couple

OMEGA K-SM-TT-36-36

range: —200 ~ 1372°C, precision:0.001°C

MCU

STM32F030C8T6

48MHz frequency, 64KB flash memory

Photodiode

Hamamatsu S7686

response time: 0.5 microseconds

while the slowest appears whén= 0 andf, = 0.2. Besides, and the identified local LTI model at the local condition
larger step changes in the duty cycle generally yield fast®r = 0,60, = 1, i.e. LM5. The fitting errors are respectively
poles. On the other hand, it can be seen from Fig. 8 that th&3°C by the identified LPV model3.16°C' by the average
largest gain appears wheh, 0, < 0.1; while the smallest LTI model, and4.38°C' by the identified local LTI model.
appears whefi; + 6, ~ 1.
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Clearly, the identified LPV model outperforms the other two
LTI models in terms of the fitting accuracy.
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Fig. 7. Interpolated poles as the function of the previous duty cycles and

the changed duty cycles. Fig. 9. Simulated board temperature by the identified LPV model,

compared with the measured and the simulated board temperatures by
the average model and the local model at 6; = 0,62 = 1.

interpolated gains

085
IV. Hoo CONTROL ROBUST TO THERMAL EFFICACY

DEGRADATION AND AMBIENT LIGHT

Based on the identified thermal model (1), Problem 2 will
be solved in this section.

gain

A. The illuminance model

As described in Sec. Il, the illuminance measured by a
photosensor can be calculated by Eqg. (3). When the relative
position of the photosensor and the LED light source is fixed,
the two parametersy, and »n in (3) are constant, and can
be estimated from the experimental data. The experiment is
conducted as follows. First, an integrating sphere is used to
measure the total luminous flux as the temperature rises. The
duty cycle is fixed at 1. The temperature is controlled by

The identified LPV model is verified in an experiment witlthe heater mounted beneath the LED board, and measured
the duty cycles continuously changing from 0 to 0.1, frorhy the thermal couple glued on it. The two parameters
0.1 to 0.3, from 0.3 to 0.5, from 0.5 to 0.7, from 0.7 tan (2) are respectively found to bé, 590.16/m and
0.9, from 0.9 to 0.7, from 0.7 to 0.5, and finally from 0.5 = —0.9614lm/°C, which accurately fit the measured data
to 1. The total time spent in the experiment is 2700 seconds. a linear fashion. Then, the linear relation between the
The board temperature is recorded every one second. Thi@el luminous flux and the measured illuminance is estimated
different models are compared in terms of the fitting errors, i.esing the data collected from the setup shown in Fig. 3. In
the identified LPV model, the average of the 15 local modetkis experiment, the duty cycle is gradually increased from

0.6 0.8

0.4

previous duty cycle changed duty cycle

Fig. 8. Interpolated gains as the function of the previous duty cycles and
the changed duty cycles.
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0 to 1 with a step size of).1. The board temperature and Denote the parametric matrices in (14) as follows.
the illuminance are recorded at each duty cycle. The flux at

. " Ay 1
each duty cycle is calculated by (2). Fitting by least squaresl, = | Cou 8 , Bu=1| _ B, = ? _01 ,
results iny — 10.1891 + 0.3226 - . Combining the two P e L
linear equations, the fitted equation of (3) can be written aé?}j = 770” e Dy = go , BY = EEE

y(u,t) = (200.5795 — 0.3101 - t) - w. 2 11. D*=0 F* =
Recall that the illuminance equation in (5b) is in a nonlinearC“ =10 ] » D=0, By = [ 00 } ’
form. But it can be further developed into a linear parametgyenoter = [z xQ]T, e=le eQ]T and the disturbance vector

varying form by absorbing the input duty cycle into thayy ¢ = [r w]”, where the superscriptI™ denotes matrix

parametric matrices, i.e. transpose. Then, the LPV model (14) can be simplified to

y(1) = nCuu(7)] - (1) +yo - u(r) +w(r).  (11) &= A,z + Byu+ E,d, (15a)
Here, C, = Y1, ui(7)K;. Note that in this way, the e=Clz+ Dju+ Fid, (15b)
nonlinear state-space model (5) is changed to the LPV model z=Chz+ Dju+ Fjd. (15c)
of (5a,11).

. . . The parametric matrices are continuous matrix valued func-
On the other hand, we consider trajectory tracking problem f h iah 0 e 1 with O bei
instead of stabilizing control. Therefore, we need to derive tﬁlgns ofthe weights: € €2 C R™," wit €ing a compa_ct

' j per rectangle. The robust control problem is to design a

. ) . ) h
tracking error dynamics. Denote the reference |IIum|nance% ntroller for the system (15) to guarantee the closed loop
stability and that theH., norm, defined bymax,.o % is

r(7). The tracking error is(7) = r(7) — y(7). Substituting
bounded.

the illuminancey(7) in (11) into this expressiorg(r) then

takes the following form. Since Dj;, is null Vi € ©; and B, is a parameter indepen-
e(r) = (—nCuu) - 2(7) + (—=yo) - u(r) + (1) — w(r). (12) dent.full column_rank ma.trix, a numerically tractablg soliution

of this problem is to design a PI controller by solving linear

The goal of the trajectory tracking control is to guarante@atrix inequalities (LMIs) [35].

that the error dynamics defined by the system (5a,12) isOn the other hand, since integral action is included in the

asymptotically stable, i.dim, . e(7) = 0. To this end, we system (14), one only needs to design a proportional controller

include an integral action into the system (5a,12), because thsing the two error signals; , eo. We shall rewrite Corollary 6

integral control is able to yield zero tracking error at steady [35] specifically for the system (14) in the following lemma.

state. The integrator can be realized as follows. Lemma 1:System (14) is quadratically stabilizable with a

. B given rate of convergengg > 0 and an., norm bound less

#2(7) = (=nCuw)a(r) + (—yo)u(r) +7(r) —w(r), (138) o 5 positive numbey, if there exist two positive numbers

ea(7) = x2(7). (13b) P, andP, and a given matri®V, € R'*2, such that the LMIs

Now, combing (5a), (12) and (13), and taking the referenctefined in (16) holds.In (16), P = { P P }; A, =
and the illuminance from the ambient light into a new dlstur‘—/,l[A# + BV, Eu — V-E,, éﬂ = oy, éj - v,

bance vector, the error dynamics can be written as with V' denoting a nonsingular transformation matrix such that
[ , } V=1B, =[10]T. In this case, a possible value for the output
T
T2

[ —fcuuu 0 ] [ o ]*[ —Zo }“4“[ T ] [ w ] feedback matrix gain i& = P; W, € R'*2, O
[ 1 }:[ "’S”“ 2 } [ o1 ]+[ —Yo :|u+|: (1) -1 " |, the vertices of the hyper rectangfe. The feedback gain

(142) Note that the LMIs (16) only need to be evaluated at all
€2 T2 0 w

a4p) G € RY*2 only contains the proportional part. Denote the
c=[0 1] [ o }+o~u+[ 0 0] [ r } (149) proportional gain byK,ile R'*2, which can be derived
¢ v as K, = G (I+DYG) . Then, the control input can be
Here,e; is the instant tracking error; while, is the integrated calculated by
tracking error over timez = e, is the controlled output to be u(r) = KT . [ e1(r) }
used in theH., control method to be introduced next. P ea(T)

The first element irk<,, hence corresponds to the proportional
B. LPV H.. control method gain, and the second element corresponds to the integral gain.

Si h 9) is d q bl It is also straightforward to derive a pure integral controller
_ >nee the system_ .( ) is first order an sfta e at _eaﬁp only considering the integral error in (14b), i.e.
individual local condition, a PID controller suffices to yield
an a_ccept_able tracking performanc_e. Moreover, since both the  _ [0 1] 2O [0 0] r|
ambient light and the reference illuminance appear as the T2 w
disturbance to the LPV system (14), another objective of the1 _ _ _
control is to ensure the robust tracking performance subject tg'he set of real n-dimensional vectors and the set of real matrices

. . with n rows and m columns are respectively denoted by R™ and R™*™,
these disturbances. The robust PID control synthesis metho&g

- ) S matrix M is negative definite, if M < 0. The symbol “I” denotes
proposed in [35] can realize these objectives. an identity matrix with proper dimensions.
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T
aprio [ e @[] pha [ e
T
W, s <0, Vu € Q. (16)
E3P+(FE)T|: Oy :| -1 v I(FM)T
yC yLF? —1
C. Robust tracking controller design junction and the soldering point i50°C'/W. The thermal

In (14), A, andC,, can be interpolated by the LPV modelresistance respectively between the soldering point and the
(6). However, the dependence 6f,u on the two scheduling Poard and from the board to the ambient environment are
parameters is more complicated. To see this, note@hat= €stimated to be°C’/IW and12°C//W. Based on the steady-

S ()i - (61 + 62), wheren,, = 9. state temperature equation in [30], the junction temperature of
'Ll'_he new monomials includ@ , 6, 0,05, 62, 62,620, 0,62, the LEDs is estimated to 13&.1°C', much lower than its rated
03,603,030, 0,03, 0202, 04, 04. The number of weights is/, = Max value,125°C'. On the other hand, the duty cycle increases

) ) ) ) ) ) : 14

14. The LMIs (16) need to be evaluated at all thé vertices from 0.6 to 0.65. But since the LEDs are driven by a constant

of the hyper rectangl@. The vertices contain all the possiblecurrent source, the amplitude of the PWM current waveform

evaluated on0 < #;,6, < 1. Though the number of the {emperature and the_current are controlled within the rated
vertices is large, these LMIs can be solved within one minu@Perating range of this type of LEDs.
by the LMI solver of MATLAB on a PC with & 2.6GHz CPU. ' 1pg gecond experiment is to track a constant illuminance of
Both the Pl and pure integral controllers are designed ango|,x pyt with varying illuminance levels from the ambient
tested in the experiments. It is found that the PI controll%ht. At the beginning, the ambient illuminance is 0. Around
results in severe oscillations in the closed loop responsef >0oth second, it is increased to 30lux; and then changed
the illuminance; while the pure integral controller leads to Very, o5« at the 400th second and to 40lux at the 600th second.
fast convergence to the reference illuminance and no fIickeri@ge ambient illuminance becomes 60lux around the 800th
at all. The integral gain is found to by = 0.165387. _second, and holds unchanged until the end of the experiment.
Note that the designed controller is in continuous tiM&ig experiment also lasts for 1200 seconds. The closed
It needs to be discretized to be impleme_nted_ on an MC op response is shown in Fig. 11. Clearly, the measured
To ensure a fast convergence, the sampling interval for tjgminance jumps at each time when the ambient illuminance
controller is set as 0.01 seconds. The integral controligh,anges, but quickly gets back to the target value again within
u(r) = Kr- [y [r(¢) = y(p)ldp, is hence changed to 0.1 seconds. The slight fluctuations in the duty cycle is due to

k the fact that the ambient illumination is not controlled in closed
u(k) =0.01- Ky - Z[r(i) —y(7)]. (17) loop, but only driven by a constant current source. Therefore,
i=1 the ambient illumination may fluctuate as the temperature
changes and due to the small ripples in the driving current. The
D. Closed-loop experiments descending trend of the temperature is due to the increases in

In the closed-loop experiments, the integral controller (17) t§€ ambient illuminance, and hence the decreases of the duty
implemented on the MCU. The MCU samples the photodiod¥cles to the controlled LED board.

at a rate of 100Hz. The calculated duty cycles and theThe third experiment is to track varying illuminance refer-

n‘_neasured_ llluminance are streamed to the memory of the l(:e’ﬁ:ces without ambient light. The reference trajectory and the
via a serial port of the MCU and a USB port of the PC

. . easured illuminance in the closed loop are shown in Fig. 12.
The board temperature is also measured simultaneously, g‘ arly, both the step changes and the continuous changes in

at a rate of 1Hz, to record the temperature variation. Fole reference illuminance can be tracked by the controller.
experiments have been performed as follows.

The first experiment is to track a constant illuminance of In the last experiment, a new LED board with 12 LEDs
200lux with the illuminance from the ambient light set abf the same type is tested in closed loop. Unlike the LED
50lux. The ambient light is generated by another LED boalwbard used in the first three tests, this new board contains
of the same type as the one shown in Fig. 4. This light sourfur parallel connected LED strings. Each string also contains
is mounted beside the controlled LED board in the opaqtieree serially connected LEDs. The amplitude of the forward
chamber. The experiment lasts for 1200 seconds. The closedrent to the entire board 804mA, and the voltage drop
loop response is shown in Fig. 10. Clearly, the illuminancacross it is8.9V. The amplitude of the current to each LED
reaches the target within the beginning 0.2 seconds. Besidesalso76mA. The same control law as in the first three tests
the controller can keep the illuminance at the target value i@sused to track the varying illuminance references as in the
the temperature rises and in the presence of the ambient lighird test, without ambient light. The reference trajectory and

The board and the ambient temperature are respectivéig measured illuminance in the closed loop are shown in Fig.
69°C and 24.6°C' at the end of this experiment. From thel3. Clearly, the control law is also effective in controlling the
datasheet of the LED, the thermal resistance between tigt source with different number of LEDs of the same type.
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Fig. 10. Closed loop response when tracking the constant illuminance of 200lux with constant ambient illuminance of 50lux. (a) Measured

illuminance. (b) Duty cycles. (c) Measured temperature.
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Fig. 11. Closed loop response when tracking the constant illuminance of 150lux with changing ambient illuminance. (a) Measured illuminance. (b)

Duty cycles. (c) Measured temperature.
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Fig. 12. Closed loop response when tracking the varying illuminance without ambient light. (a) Measured illuminance. (b) Duty cycles. (c) Measured
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Fig. 13. Closed loop response of a new LED board with 12 LEDs of the same type to varying reference illuminance without ambient light. (a)

Measured illuminance. (b) Duty cycles. (c) Measured temperature.
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V. CONCLUSIONS [10]

In this paper, we have investigated the methods of iden-
tifying the nonlinear thermal dynamics of LED systems bjt1]
interpolation based LPV identification techniques. The iden-
tified LPV model is verified in experiments to have highef o
fitting accuracy than the identified LTI models at either a single

working condition or by averaging different local models
The nonlinear thermal dynamics is then incorporated with the

13]

illuminance model, leading to a nonlinear photoelectrothermal
model. To design a controller to track the reference illumit4!
nance, while attenuating the disturbance from ambient light,
we have applied a®{., LPV controller synthesis method. The[15]
closed loop control experiments have confirmed the robust
performance of the designed controller to both the ambient

light disturbance and the fluctuating temperature.

[16]

The novelty of this work is treating the nonlinear PET
dynamics of LED systems in the LPV framework. The model
identification and the robust control design are both origit7]
nated from the real life data collected from the experimental
setup, and are practical to implement. In fact, theoretical
modeling also needs parameters, e.g. thermal resistance [agidH. Chen, D. Lin, S. Tan, and S. Hui, “Chromatic, photometric and
lumen efficacy, which may be available in the LED datasheet.
However, since the data from the datasheet are not always
complete and accurate, experiments are still needed to fit fing
parameters. In this work, the dynamic temperature model is
identified from measured data, which carry the informatiggg,
of both the dynamics and its parameters. By using this “data

driven” method, the two steps of theoretical modelling a
finding the model parameters are reduced into only one st

1
i

On the other hand, the controller designed by Hg LPV
control technique only contains constant gains, and can Bé
easily implemented on a low-end MCU in an LED lamp.

The potential extensions of the current work include contrds3]
ling the light chromaticity of polychromatic LED systems with

the robustness to temperature changes and ambient light diss-

bance, and developing fault diagnosis methods to monitor the
health of LED systems, with the aforementioned robustnestB]

(1]
(2]

(3]

(4

(5]

(6]

(7]
(8l
El
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