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ABSTRACT

Combination control of illuminance and color temperature is generally based on proportionally

mixing different lighting sources with different color temperature, which assumes that the color
temperature of each lighting source is invariant to the luminous levels. However, this assumption does
not always hold true in reality. In multiple lamps environment, the above mentioned technique might
lead to large difference comparing with target values.

Therefore, we have developed an illuminance and color temperature control system by constructing
a lighting model to address the problem of color and illumiance control for multiple lamps cases.

This paper builds an illuminance and color temperature model by measuring CIE XYZ tristimulus
values corresponding to the dimming level of each monochrome lamp (e.g. RGB LED). Furthermore,
through extracting the gradient information of color temperature and illuminance with respect to the
dimming levels, we can know where the lighting should be darker/brighter and how to change the
color temperature at that place. Finally by using quadratic programming technology, we can meet user

requirements with minimum energy consumption.
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Introduction

With the current movement toward greener and more
sustainable buildings, numerous research work is
focusing on illuminance and color temperature control
since they have great effect on office workers*?. The
research results® indicate that sensor-based lighting
control system generated substantial energy savings and
peak power reductions compared to a conventional
fluorescent lighting system. The installed lighting power
is 42%-47% lower than that of the conventional system.
It has reported that proper changes in illuminance and
color temperature corresponding to biological rhythm
can enhance intellectual productivity in an office
environment*®. A field study® in industrial environment
measures directly the productivity increases ranging
from 0 to 7.7% caused by color temperature changes in
lighting. In addition, it has been studied that individual
workers may need different illuminance for different
activities”. Even for the same activity, the requirements
on luminous environment of different workers are
different.

RGB-LEDs have the ability to change the illuminance
and color temperature simultaneously by adjusting the
dimming level of each monochrome channel in addition
to many other advantages such as longer lifetime.
Therefore, they have great potential in office
illumination for enhancing workers’ productivity.

Generally, combined control of illuminance and color
temperature is based on proportionally mixing different
lighting sources with different color temperature.
However, it is difficult to obtain desired illuminance and
color temperature through simple dimming level control
for multicolor LED-based lighting fixtures due to
(1) linear hypothesis between illuminance and dimming

levels
(2) constant color temperature hypothesis over
dimming level adjustment.

For example, a linear model is built between dimmers
and illuminance measurement and a PID controller is
designed to regulate the desired illuminance®. The
simulation results have shown good performance at
nominal level condition. However, it gets worse when
control level deviating from the nominal level.
Tomishima et al. have developed a distributed intelligent
lighting control schemes to provide user-defined
illuminance and color temperature at specific locations?.
For system modeling and control, they use adaptive
neighborhood algorithm and simulated annealing
algorithm respectively. However, the distributed system
suffers from longer convergence times due to data fusing
compared to centralized schemes.

This paper focuses on developing an illuminance and
color temperature control system to meet the
requirements of illuminance and color temperature in
different regions with minimum energy cost. Piecewise
linear method is used to obtain lighting model. The
method enables our controller to work properly at any
level of light amount. For the control scheme, quadratic
programming is employed for minimizing energy
consumption subject to satisfying user preferences.

The remainder of the report is organized as follows. In
Section 2, a framework of intelligent lighting control is
described. In Section 3, correlated color temperature
(CCT) and illuminance models are built. A controller is
designed in Section 4. Simulation results are shown in
Section 5. Summary and future works are given in

Section 6.

Framework of intelligent lighting
system

The framework of intelligent lighting system
combining the control of color temperature and
illuminance is shown in Fig.1. Basically, the framework

comprises of four modules: target lighting setting
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module, color sensing module, lighting controller
module and lighting apparatuses module. The lighting
apparatuses here refer to the devices whose color
temperature and illuminance can be adjusted through
changing of dimming levels.

For the implementation of the lighting control system,
firstly, the target values of illuminance and color
temperature are set by means of wireless devices. Next,
the color sensing module measures illuminance and CCT
at task areas. Then the controller module optimizes the
dimming level of the lighting module to minimize this
difference. The controller output (dimming level signals)
will be sent to the lighting apparatuses module by means
of wireless LAN (Local Area Network).

Target lighting
setting

Lighting

Lighting controller ‘:{> apparatuses

Color sensing K—]

Fig.1 Framework of lighting control system.

CCT and illuminance model

3-1 CCT model

The proposed model of CCT is based on McCamy’s
polynomial model® in Eq.(1), which can be implemented
with simple operations on XYZ tristimulus.

CCT = f(x,y)
_ 449X 2033213 3gpe X-0.332 9
0.1858 -y 0.1858 -y @
68233 —9332 ) | 550,33
0.1858—y
Where

X=XI(X+Y+2),y=Y/(X+Y +Z).X Yand
Z are tristimulus values of combined light. Since the
CCT is the function of the chromaticity x and y, while x
and y are the function of tristimulus values of XYZ, so if
the relationship between XYZ and dimming values is
found, CCT can be calculated according to dimming
values of lamps.

To identify the relationship of XYZ tristimulus values
according to dimming level at a given region, assume the
working plane of office is divided into N regions. For an
arbitrary region j (j = 1, 2, ..., N) at working plane, the
relationship of tristimulus values according to dimming

level D of each lamp i (i=1, 2, ..., n) is formalized as:

X{" =g (D))
Y =h®(D)) @
2{) = p"(D,)

Eq.(2) can be identified by linear regression analysis.
Based on Grassmann’s additivity law, the XYZ
tristimulus combined all lights at arbitrary position j can
be formulated as summation of independent coordinates

XW ¥ Vand ZWoflighti (i=1, ..., n):

n n

ngx,‘”:;gﬁ”(Di) (3-1)

Y, =2 YV =%h(D) (3-2)
i=1 i=1

z;=22=>pD) (3-9)
i=1 i=1

Let dimming level signals of all lights be defined as:
D'=[D, D, .. D,] 4)

The derivative of CCT function with respect to
dimming value of lamps at region j can be easily
obtained:

Ricoh Technical Report No.39

JANUARY, 2014



dCCT; _af(x,y) ox 9X;  of(xy) ox oY
dD ox 0X, oD ox oY, D

Z . X .
LAy) X 92 af(xy) by X,

ox 0z, D oy X, D

of(xy) oy oY  of(xy) oy %2
oy oY; ob oy 0oZ; b
The change of CCT corresponding to dimming level

®)

of all lamps is presented as:

dCCT,
ACCT, = LA (6)
dD
dCCT,
where is an n x 1 vector.

Since CCT variable can be measured at each time step,
we use the following discrete-time system as the “real”

system in the simulations:
CCTj (t+1) = CCTJ- (t)+ ACCTJ-

dCCT

_— @
=CCT,(t) + ——>A"Y
dD

where

AY = D(t+1) - D(t) ®)

and CCT (t) is the color temperature sample at the t-th
sampling instant. If given the sampling interval Ts,
CCT (t) means the CCT after tTs passed. With Eq.(7)
the CCT model with dimming level of lamps is achieved.

3-2 [lluminance model

Since the tristimulus value Y indicates the illuminance
value E, the illumination EJ(-') at arbitrary position j

can be formulated as:
n

Efi) :Y,-(i) — zhj(i)(Di)

i=1

©)

The derivative of illuminance function with respect to

dimming value of lamps can be obtained:
dE(l) dE(Z) dE(n)

_ J i i
dD, dD, dD

dE.

]

D 1 (10)

n

The change of illuminance E of combined illuminance

around the given dimmer level D is:

dE,
AE, =——AD
dD

So the measurements of illuminance at time t +1 can

(11)

be estimated as:
Ej(t+1)= Ej(t)+AEj(t)
E.(t) dEjAG) 4
! dD
Eq.(12) is the illuminance model we need. In practice

@
Ei

application, the coefficient in equation (12) can

be calculated with equation (13):
dE| _ h{"(D,(t+1)-h{"(Dy(1))
dD, | D. (t+1)— D, (t)

(13)

>}

Controller design

To meet different illuminance and color temperature
requirements as well as minimizing energy consumption
for different task applications or user preferences, the
lighting controller is formalized as a problem to find:

At)=[0, o, 5.1 (14)
such that minimizes the objective function J:
S E C dEj 2
B> WEI(E; () —E; +d— AT +
1 D
N —— dCCT
minJ =< 7> WS[CCT,(t)—CCT; + dD’AGHZ
j=1
+([D+AQT R + A
subject to 0<D+A(t)<1
(15)

Ricoh Technical Report No.39

183

JANUARY, 2014



where

EJ- : target illuminance at task area j of working plane
CCT j : target CCT at task area j of working plane
WjE - illuminance weight at task area j of working plane

W;( : CCT weight at task area j of working plane

[ - arelative weighting on illuminance performance
¥ . arelative weighting on CCT performance

« : arelative weighting on dimming level size.

P, : a vector of lamps” maximum power consumption.

D: dimming level signals of lamps.

N — dE; , _
lewj ([(E; (1) - E; +EA(t» is the summation
J=

of illuminance difference square. The aim of this term is
to minimize the difference between the reference and
model outputs which is shown in Eq. (12).

N dccT,

wk (CCT- (t) —-CCT+ is the
= i i J dD

A(t)*

i
summation of color temperature difference square. The

aim of this term is to minimize the difference between the
reference and model outputs which is shown in Eq. (7).

[D+A(t)]" P, is total power consumption.

||A(t)||2 is the control energy which is proportional to

the consumption of electric energy.
The solving of Eq.(15) can be taken as a quadratic
programming problem with inequality constraints.

45 Simulation results

5-1 Simulation environment

An office room model shown in Fig.2 is constructed
by DIALux lighting simulation software. The layout of
office room is 6.3x4.2x2.3m (LXWxH). The luminaires in

lighting Philips BCS680 W7L122
1XLED24/840 (power: 28W, luminous flux: 1650 Ix).

simulation is

Fig.2 Room model by DIALux.

The blue and red circles shown in Fig. 3 indicate the
positions of light sources in this simulation, where the
small blue circles are the lamps for providing constant
background lighting, and the thick red ones with number
from 1 to 6, providing dimmable task lighting. The red
ones are controllable in the simulation.

Fig.3 Positions of light sources in the simulation.

CCT

measurement is unavailable since there is no color

In  current lighting simulation software,
temperature profile library. In this simulation, we will
focus on illuminance simulation only. Therefore, the
controller we validated is only about illuminance. The

Eq.(15) is simplified as:
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min 3 = { A3 WEIE ) E, + AT +
B:([D + AWM P)” +aAt)] (16)

subject to 0< D+ A(t) <1

To validate our controller design, a scene with 3
persons who have individual illuminance preferences is
designed as shown in Fig.4.

: ——Task_area_1:262 Ix
fas i |——Task_area_2:300 Ix
——Task_area_3:370Ix

Satistaction level

] 200 400 600 200 1000 1200 1400 1600
luminance [Lx

Fig.4 Illuminance preference.

To better display the results of simulation without
blocking users’ illuminance, users’ task areas are

designed in three different regions as shown in Fig.5.

Fig.2 is just a visualized demonstration to show the scene.

The purpose of such an assignment is to better display
the results of simulation without blocking users’

illuminance.

o Task_area 1 (300 Ix
®Task area_2 (370 Ix
®Task area 3 (262 Ix

Fig.5 Distribution of task areas.

The reference illuminance distribution is shown in
Fig.6. The reference illuminance distribution follows the
country standards on illuminance such as: i)
Specifications for illuminance uniformity on the task
area. ii) Specifications for luminance ratio between task
and immediate surroundings.

lluminance [Lux]

Room width [dm] Raom length [dm]

Fig.6 Reference of illuminance distribution.

5-2 Simulation results

In initial lighting environment before lighting control,
all lamps nearly work at a full ON state shown in Fig 7.

[ T T T Tm
©Task_area_1 (5271
@Task area 2 (617 Ix

Fig.7 Initial states of lamps.

A large illuminance difference comparing with
reference illuminance distribution is shown in Fig.8.
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Fig.8 IHluminance difference before control.

After runing illuminance controller, the illuminance
difference distribution are show in Fig.9. The updated

dimming value of all lamps are shown in Fig.10.
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Fig.10 Updated dimming signal state.

Comparing the illuminance of task areas in Fig.8-9
with the reference shown in Fig.6, RMSs (Root Mean
Square) are 256.01 Ix and 16.94 Ix respectively. The
Ix and 18.50 Ix
respectively. RMS residual at task areas reduced 93.38 %

Standard deviations are 32.19

comparing with the result of before control. We can see
that illuminance at working plane is significantly
improved by the implementation of illuminance
controller.

In our experiment, the dimming values generated by
intelligent controller are set again in DIALux simulator
to adjust current lighting state. Fig.11 shows the
dimming level signal evolution via control rounds. The
Numbered lamps are corresponding to the lamp order as
shown in Fig.3. It can be seen that our control algorithm

has numerical stability for a given reference illuminance.

Lamp 2
Lamp_4

m— Lamp |
Lamp 3

...........

Lamp 5 e Ldmp i

Dimming value [%)]
=

Rounds of controller output

Fig.11 Evolution of dimming level signals.

Summary and future works

6-1 Summary

In this report, we have constructed a framework of
intelligent lighting control system and proposed an
algorithm to control CCT and illuminance, wherein,
illuminance control is verified by DIALux simulator. To
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summarize, this lighting control system has the following
features:

(1) Both illuminance and CCT models are only related
to the dimming levels of lamps. XYZ tristimulus
values of lights just act as an intermediate between
CCT and dimming levels.

Illuminance/CCT difference at each task area is

@

related to the corresponding weight of that task area.

The larger weight of a task area, the smaller
illuminance/CCT difference at that task area we will

get.
6-2 Future works

In next stage, a real experiment environment with
CCT and illuminance measurement will be built to verify
combined CCT and illuminance control algorithm.
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