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A distributed lighting system of multiple intelligent luminaires is considered for providing daylight and
occupancy adaptive illumination. Each intelligent luminaire has a light sensor and an occupancy sensor
that provides information on local light level and presence, respectively, and has a controller that adapts
dimming level of the light source and a communication module. The illumination objective is to provide
a desired average illuminance value over occupied/unoccupied zones at the workspace, specified in turn
by occupancy-based set-points at corresponding light sensors. Two classes of proportional-integral (PI)
controllers are considered to adapt the dimming levels of the luminaires to varying daylight levels under
two networking scenarios. In one scenario, each controller operates stand-alone, sharing no information
across other controllers, and has information about global occupancy. In the second scenario, controllers
exchange control information within a neighborhood. The performance of the considered controllers is
evaluated using photometric data from a DIALux implementation of an example open-plan office under
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1. Introduction

Lighting is a major portion of the electrical energy consumption
in commercial buildings [1]. The energy consumption in lighting
systems may be reduced by suitable design of lighting control sys-
tems. Energy savings in lighting control systems may be realized
by adapting to two dynamic aspects in the environment - vary-
ing amount of daylight and changes in occupancy. Various studies
[2-5] have shown that considerable energy savings may be real-
ized by such adaptation in cellular and open-office environments
using simulated office models and in experimental office settings.
While energy reduction is an important aspect, paying attention to
the visual comfort needs of occupant users in terms of illuminance
requirements is also important. In this paper, the design and evalua-
tion of daylight and occupancy adaptive controllers for a distributed
intelligent luminaire system is considered under two networking
scenarios.

The lighting system under consideration consists of multiple
intelligent luminaires. Each luminaire has a light sensor and an
occupancy sensor. These sensors respectively measure the total
illuminance level and determine binary occupancy within their
fields of view. The output of the sensors is input to the associated
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controller that adapts the dimming level and controls the artificial
light output of that luminaire. Each luminaire also has a communi-
cation module. We consider two networking scenarios. In the first
scenario, stand-alone controllers are considered wherein there is
no communication across luminaires. In the second scenario, the
controllers may communicate with a set of neighboring controllers.

The dimming levels of each luminaire are to be determined
by corresponding controllers such that the total artificial light
output contribution, in combination with daylight contribution,
results in net illuminance above desired levels at the workspace
plane. Denote W, and W, to be the respective average illumi-
nance values desired in an occupied and unoccupied zone at the
workspace; a zone being a logical partitioning, for instance that
defines work desks, of the physical horizontal workspace plane.
European norms for office lighting for instance recommend min-
imum average illuminance values of W, =5001x and W, =300Ix
[6]. The illuminance targets at the workspace plane are specified
in terms of sensor set-points at corresponding light sensors. These
set-points are determined in a night-time calibration step. In the
absence of daylight, the luminaires are dimmed to a level so that
the desired illuminance, say W,, is achieved and the corresponding
light sensor measurements {r, , } then are stored as the associated
set-points. Let ron and rym be respectively the set-points of the
mth light sensor corresponding to occupancy and non-occupancy.
Then the control objective is to at least achieve this set-point, while
limiting overshoot and oscillations in dimming (i.e. system should
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achieve steady-state), and achieving power savings. Overshoot is
the peak value compared to the final steady-state. We set the over-
shoot at the workspace plane to a maximum of 20%. This limits in
turn the visual annoyance that a user might experience over the
period that a controller seeks to achieve its reference. The study in
[7], for instance, reports that positive changes up to 141 Ix did not
cause occupant annoyance at an illuminance target of 500 Ix.

In this paper, we consider two classes of PI controllers. One is
the classical PI controller that seeks to achieve the light sensor set-
point. The other is a PI controller with offset, which seeks to achieve
a positively biased set-point. We consider PI controllers with offset
motivated by the observations regarding daylight in [8,9], where a
single light sensor-driven lamp system was considered. The authors
in [8,9] observed that a controller that seeks to achieve a constant
set-point may result in lower illuminance at the workspace plane
as the amount of daylight entering the space increases. This hap-
pens since the ratio of daylight contribution at the workspace plane
to the contribution at the light sensor is not the same as that of
artificial light and moreover changes over the day. In this paper,
we evaluate the two PI controllers in a networked lighting control
system setting.

A centralized lighting control system was considered in [10]
for occupancy adaptive lighting and a simplex algorithm was
used to solve the resulting optimization problem, with the system
extended in [4] to take into account spatio-temporal daylight varia-
tions. Both formulations assumed knowledge of light distribution at
the workspace plane. Distributed optimization algorithms for light-
ing control with daylight and occupancy adaptation were proposed
in[3,11], under networking and information exchange constraints.
Under different system settings, and wherein users carried light
sensors, linear programming and sequential quadratic program-
ming approaches were proposed for centralized lighting control
[12,13]. A wireless networked lighting system with light sensors
at work desks was considered in [14]. In [15], a distributed light-
ing system was proposed with light sensors at desks, and equipped
with a controller, which control luminaires in a neighborhood using
infra-red communication. Desk-placed light sensor measurements
can be quite sensitive to environmental changes such as occupant
movements, thus affecting illumination performance of the lighting
system. We will hence focus on ceiling-mounted sensor configura-
tions that are employed in practice [3,9].

The remainder of the paper is organized as follows. In Section
2, we present an analytical model of the lighting control system.
The PI controllers in stand-alone mode are described and ana-
lyzed in Section 3, and the distributed system is analyzed using a
multiple-input, multiple-output (MIMO) system model in Section
4.The performance of these controllers is evaluated using an exam-
ple open-plan office model implemented in DIALux, and results are
discussed in Section 5. The design of PI controllers with communi-
cation is presented in Section 6 and performance evaluation results
are shown in Section 7. Conclusions are drawn in Section 8.

Notation: A matrix with element A;; denoting the element in
the ith row, jth column is written as A. The transpose and inverse,
if exists, are respectively written as AT and A~1. An M x 1 vector
with ith element b; is written as b=[b;(t), ..., by(t)]". The matrix
diag([q, ..., am]T) is an M x M diagonal matrix with the diago-
nal element in the ith row, ith column being ¢;. Vectors with all
elements 0 and 1 respectively are denoted by 0 and 1. The first-
order derivative of a signal u(t) is written as 1(t). The sets of natural
numbers and real numbers are respectively denoted as N and R.

2. System model

Consider a lighting system with M ceiling-based intelligent
luminaires. Let the luminaire be dimmed using pulse width

modulation (PWM). Let the nth luminaire be dimmed linearly with
duty cycle un(t) at time t, where 0 < u,(t) < 1. The illumination value
at the mth light sensor, in lux, at time t can be expressed as [3]

M
ym(®) =Y Guatin(6) + din(6), m=1,..., M. (1)

n=1

Here G, is the illumination value at the mth light sensor when
the nth luminaire is dimmed at its maximum, while all other lumi-
naires are off and there is no other source of light, dp(t) is the
illumination contribution at the mth light sensor in lux due to day-
light at time t.

Let the workspace plane be divided into N logical zones. The
illumination value at zone j may be written as

M
wi(t) =Y Hjnt(0+p(0, j=1,...N, (2)
n=1

where pj(t) is the average illumination in lux contributed at the jth
zone due to daylight at time t, H; , is the average illumination of the
jth zone in lux when the nth luminaire is dimmed at its maximum,
all other luminaires are off and there is no other source of light. In
matrix form, the model is written as

y(t) = Gu(t) +d(t) (3a)
w(t) = Hu(t) + p(t), (3b)
where
v(t) =Dy, ... ym(O1",
u(t) = [ug(t), ..., um(®)",
G1,1 Gi2 G1,m
Gy1 Gop2 Go,m
G = )
Gu,1 Gu2 Gu,m
d(t) =[di(t), ..., du(D)]",
w(t) = [wi(t),...,wn(OI",
Hi1 Hi2 Hym
Hy1 Hzp Ha m
H = ’
Hy1 Hn2 ... Hym
p(t) =[pi(t),....pn(D]".

3. Stand-alone illumination controller

We first consider a stand-alone controller, wherein controller m
seeks to determine the dimming level u,; so as to at least achieve
the light sensor reference set-point 1o, if occupancy sensor m
determines occupancy, or set-point 1, m,, if occupancy sensor m
determines non-occupancy but there is global presence. This is
the simplest networking scenario with no interaction with other
controllers sought.

The stand-alone controller is depicted in Fig. 1. Each controller
samples with sample rate T;. The sampling of the controllers is
not synchronous, reflecting the distributed nature of the lighting
control system.

Following (1), the illuminance at the mth light sensor can be
written as
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Fig. 1. Block diagram of a stand-alone controller.

Ym(kTs + Tm) = GmmUm ((k — DTs + Tm + Tc) + dm(kTs + Tm)
DY

where 0 < 7;; <Ts is a uniformly distributed random delay which
is constant for each controller, k € N and 7. is the delay between
sampling and updating the zero-order-hold (ZOH) filter. The last
term in (4) represents the influence of other luminaires on the
mth luminaire. Because the mth luminaire also influences other
luminaires, this effect is referred to as coupling. Note that if the
coupling is zero, the overall lighting control system is equivalent to
M stand-alone controllers. The input to the controller is

em(k) = rin(k) = ym(k). (5)

Gm,nun(kTs + Tm), (4)

During a night time calibration step, the mth controller obtains
Gm,m and the references ry,,m and 1o .

3.1. Generalized controller

Two types of controllers are studied. One, the classical PI con-
troller, that seeks to achieve the reference. Two, a Pl controller with
offset that seeks to achieve a point that is positively biased with
respect to the reference. Both controllers can be described in the
following general form:

Um(k) = amim(k — 1) 4+ Bmem(k) + &m, (6)

where o, Bm and ¢, are constants in R.

The state space representation of the generalized controller (6)
is
Xm(k + 1) = amXm(k) + Bmem(k) + ¢m

um(k) = otmxm(k) + Bmem(k) + &m,

(7)

where x(k) represents the state, which is equal to u;,;(k—1).

3.1.1. Saturation

In (6), the physical limits of the luminaire dimming levels were
not accounted for. The duty cycle for each luminaire is limited
between 0 and 1, i.e. 0 < u;;(k) < 1. To make sure that the controller
output is within these bounds, a saturation function is applied to
the controller output. The saturation function is defined by

1, if xp>1
sat(xm) =< xm, if O<xpm<1 (8)

0, if xn<O.

The saturated output of the controller is stored in memory and
used to calculate the next output, so the state space representation

with saturation of the generalized controller is
Xm(k + 1) = sat (@tmxm(k) + Bmem(k)) ©
um(k) = sat (@mxm(k) + Bmem(k)) .

The next two sections analyze the two PI controllers, ignoring
the effect of saturation for simplicity of analysis.

3.2. Classical PI controller

Under the assumption that the daylight changes slowly com-
pared to the sample rate of the controller and neglecting the
coupling term, the estimate y,,(k + 1) of y;(k + 1) is given by

Ym(k +1) = un(k)om.m + dm(k + 1). (10)

For brevity of notation, (kTs+ ;) is written as (k) and 7. has
been neglected for simplicity. The controller needs to follow ry(k),
so when reaching the reference, we must have

rm(k) =Im(k+1)
= Um(k)Gm,m + dm(k + 1).

(11)

From (11), upm(k) can be calculated so as to keep ym(k + 1) close
to rm(k),

_ rm(k) —dm(k +1)

um(k 12
m(k) e (12)
Because daylight changes slowly, d(k+ 1)~ d(k), so
rm(k) — dm(k
Um(k) ~ M (13)

Gm,m

The daylight term dp,(k) can be extracted from (11) as
dm(k) = m(k) — um(k = 1)Gm,m. (14)

Substituting (14) into (13), the expression for the controller is
obtained as
ém(k)

m
Gm,m

um(k) = +um(k —1). (15)

Eq. (15) is a classical PI controller [16], which can be written in
the form (6), where

am=1,
Bm = Gl (16)
Cm =0.

With constant daylight and without coupling, this controller will
achieve the reference in one step.

3.3. PI controller with offset

This class of PI controllers seeks to achieve a steady-state point
that is positively biased with respect to the reference set-point. A
specific class of such controllers was considered in [9] for a light-
ing system controlled by a single light sensor with all light sources
driven to the same dimming level. In [8,9], it was observed that as
the amount of daylight into a room increases, a controller that is
designed to achieve the reference set-point results in lower illu-
minance value at the workspace plane than desired, under certain
daylight scenarios. To address this, a daytime calibration step was
introduced and a term with the ratio of daylight contribution at the
workspace plane to the contribution at the light sensor was used
in the controller design.
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Fig. 2. Open-plan office with only daylight at 8:30 h; daylight is entering through
windows on the right side of the room.

In Laplace domain, the controller in [8] may be written as

u(s)= 1 -i/-)S‘L'

e(s)+1, (17)
where u(s) and e(s) are the Laplace transforms of respectively u(t)
and e(t)=r(t)—y(t), T is a time constant and the parameter p is
calibrated such that the illumination at the workspace plane equals
the required illumination, for a given daylight distribution.

In the time domain, (17) may be written as

pe(t) —u(t)+1

—_—

Using the forward Euler method, we have in discrete form

u(k) —u(k-1) _ pe(k) —u(k) +1

u(t) = (18)

. e (19)
_tu(k —1) + pTs8(k) + Ts
u(k) = T T, : (20)
The controller can be expressed in the generalized form (6), with
o= T
m — T + TS )
_ s
:3771 - T4+ TS ’ (21)
1
bm =27 Ts'

3.4. Stability of the controller

If the coupling between the controllers and the saturation is
ignored, the closed loop transfer from the reference input of the
system to the output of the system can be described in the discrete
Laplace domain as

Ym(z G

R:Ez; Tz amm:i-m(’;BnTmﬁm ' (22)
The system has one pole at

zp = odm — Gm,mPm. (23)
For stability

1Zpl <1 (24)

should hold.

For the classical PI controller, using (16) we have z, =0. For the
PI controller with offset, the pole equals
_ T— Gm,m,OTs

T+ Ts (25)

Zp
When the stability requirement (24)is applied to (25), we obtain

1 <p< 27 N 1
Gm,mTs Gm,m.

(26)

Gm,m

4. MIMO system model

To evaluate the stability and steady-state behavior of the pre-
viously described controllers, we consider a model for the whole
system of M controllers. First the entities in G are sorted by execu-
tion order. The first row represents the transfer to the first sensor
which is sampled in the system. The first column represents the
luminaire that belongs to the same controller as the first sensor.
Denote the sorted matrix by G. Then

M
Im(k) = Gmmtim(k = 1)+ > Gmntin(k = 1)
m+1
m-1
+ > Cmntin(K) + dim(k), (27)
n=1

which can be written in vector notation as
(k) = (Gq + Gu)u(k — 1)+ Guu(k) + d(k), (28)

where G, is the diagonal part of G, G, the strictly upper triangular
part of G, and G; the strictly lower triangular part of G, thus

&:Cd+C,+Gu. (29)
4.1. The closed loop system

Consider the controller, with u(k) as output vector and & as input
vector, given by

x(k+1) = W (Ax(k) + Bé(k) + &)

u(k) = W (Ax(k) + Bé(k) + ¢) , G0
where
A = diag ([on, e on]T) ,
B =diag ([B1..... ful') . (31)
x(k) = [x1(k), . .., xm(K)]"
and V is the vector saturation function defined as
W(x) = [sat(xq), ..., sat(xpy)]". (32)
In the closed loop system, the input to the controller is
&(k) = r(k) — y(k). (33)
Define y as
y(k) = y(k) — d(k), (34)
then the input to the controller is
e(k) - :1((1;()) 7;((12)) y(k) (35)
where q(k) is the input of the closed loop system, which is
q(k) = r(k) — d(k). (36)

Both the controller and the system are non-strictly proper, there
is a direct connection from the input to the output.
Let

A =1+BG, (37)

then if A is non-singular, the interconnected system is well-posed
and the interconnection between the plant and the controlleris [17,
p.275]

u=A"Tx+A"Bq+ A~ 1¢, (38)
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Table 1
Specifications of the simulated room.
Number of luminaires 80
Luminaire type Philips BBS 560 [18]
Room size 24mx19mx2.6m
Number of zones 36
Height of workplane 0.76 m
W, 500 Ix
Wy 3001x
where
I'=A—B(Gy+Gy). (39)

The closed loop system is described as
x+t = W(I'x + Bq+ ¢ — BGW(A-1(I'x + Bq + £)))
y = (Gg + Gu)x+ GY(A-Y(T'x + Bq + £)),

where X* is short notation for x(k+ 1), with index (k) omitted for
brevity of notation.

(40)

4.2. Stability

The stability of the closed loop system, where the sensors sam-
ple in a particular order and disregarding the saturation, can be
determined from (40) by evaluating the eigenvalues of the matrix
(I — BG;A-1I. Each eigenvalue of this matrix needs to be within
the unit ball for the closed loop system to be stable.

If the closed loop system is stable and no controller output sat-
urates, in steady-state we have

xs = X(k + 1) = x(k), (41)
where X; is the steady-state. Then using (41) and (40), we have
xs=(I— T +B&GAT) (1 - B&A 1 )(Bq, + &), (42)
where

qs =15 —ds. (43)

Vectors rs and d; represent constant reference and constant
daylight values at light sensors.

5. Simulation results

Simulations were used to evaluate the performance of the
controllers. For the PI controller, step responses are executed to
analyze whether the overshoot is below the required maximum.
The steady-state response of the PI controller is evaluated to check
whether the minimum illumination constraint is met when a zone
is occupied.

5.1. Modeling of the office lighting control system

By creating a model of an open-plan office in DIALux [19],
matrices G, H and datasets d(t) and p(t) are obtained. The spacing
between the luminaires is chosen such that the average illumina-
tion of the workplane is 500 Ix with a duty cycle for all luminaires of
0.85. Arendering of the office is depicted in Fig. 2. The specifications
of the room and lighting system are listed in Table 1. The surface
reflectances of the various office elements are as follows: top of
desks 60%, floor 20%, walls 50%, and ceiling 80%. These values were
chosen to be within the European recommended norms for office
lighting [6]. The lighting plan is depicted in Fig. 3, where the 80 blue
rectangles depict luminaire locations, indexed with blue numbers
and the red circles indicate light sensor and occupancy sensor loca-
tions. In the office there are 36 zones, indexed in Fig. 3 with black
numbers. Angle A indicates the orientation of the room relative to

10 80
—a—8 —4—4 9
oy u Ooag | e U 20
a'lgla olg |’ 9 ¢
{ ] )
a g/ a a |g|la a O
— ] —]
a "dla a [dla 494
] ] ]
'S g a—da—a O O
4 8 —8—6
o 4d /g g 4d. 4 x
] [ ] O [ ] ]
a g9 a a9 |9|la g O
{ ] ) | North
a 8 (g gt (240 4 36t 61
1 71
g a9 9 o o a a 4 [
L] L] | ,

Fig. 3. Lighting plan with 80 luminaires (blue squares), with co-located
light/occupancy sensors (red circles) and 36 zones. The windows are located on
the right side. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

the north. In the model, the opening angle of the occupancy sen-
sors is 90°. When a zone is occupied, the occupancy sensors within
field-of-view are triggered. Light sensors are emulated as done in
[3], and with opening angle of 90°. Matrices G and H are obtained
by turning the luminaires individually at maximum intensity level
and then measuring the illumination at each light sensor and zone.
The largest elements of G are on the diagonal, since the contribution
from a luminaire to the co-located light sensor is larger than at any
other sensor. Daylight is obtained by simulating three days from
7.30 h until 19.30 h. On all three days, a clear sky is simulated. The
three days are chosen such that there is variation in daylight inten-
sity and the angle of the incoming daylight. For all three days the
solar elevation angle, the angle between the center of the sun disk
and the horizon, is different; the maximum solar elevation angle
for scenarios A, B and C is respectively 60°, 30° and 26°. Properties
of the simulated days are listed in Table 2. Controllers are simulated
with an interval of 1s,s0 Tg=1.

5.2. Simulation results

5.2.1. Occupancy dynamics

The scenario where a zone gets occupied while the surrounding
zones are not occupied, is most prone to overshoot, because the
influence on the step response of nearby luminaires is greatest in
this situation. To test whether the overshoot is within limits, an
occupancy step is simulated for each zone, for 200 different con-
trol sequence orderings, for each half an hour during simulation
A, resulting in 187, 200 different step responses. The results are
depicted in Fig. 4. The box plot shows the median as the red line, the
75th and 25th percentile values as the box boundaries, and points

Table 2
Daylight simulation properties.

Simulation Date A Max. solar elevation angle
A 15-07-12 110° 60°
B 15-10-12 130° 30°
C 15-02-12 130° 26°
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20

Overshoot [%]

10} ll
i

Fig. 4. Overshoot of illumination at each zone. Simulation A with classical PI con-
troller.

outside the +2.7 variance range are displayed individually by red
dots. The maximum overshoot appears at zone 29 and is 22.7%. This
is above the 20.0% limit, but only 0.006% of the simulations show a
step response over the 20% limit. In 99% of the simulated cases, the
overshoot is below 13.0%.

5.2.2. System start from zero-state

Fig. 5 shows the response of the system, when x(0)=0, r=r, and
daylight was constant from simulation B at 17:30 h. In this scenario
no states saturate, so this scenario is used to compare the simula-
tion with the steady-state value from Eq. (42). The 2-norm of the
difference of the states between (42) and the steady-state result of
the simulation after 205 is less than 1019, showing the numerical
results match well with the analytical results.

5.2.3. Pl with offset compared to Pl

The PI controller with offset introduces an offset compared to
the classical PI controller. Fig. 6 shows the average steady-state
offset measured at the sensor for different values of p. For these
results simulation B at 17:50 h. is used, where r=r,,. In this scenario
no saturation occurs, so the result is not influenced by saturation
and the steady-state value of &(k), & is zero in case the classical PI
controller is used. The results in Fig. 6 show that the offset increases
when p decreases. Note that a negative value for &, results in a
higher illumination of the zone close to the mth luminaire because
of the negative feedback in the control loop.

Parameters oy, and B, can not be the same for the Pl with offset
and the classical PI controllers. If for the PI controller with offset,
©=0.05 and 7 = Gpy,m p, then the pole z, for each SISO loop is at zero,
whichis also the case for the classical Pl controller when 8, = G;,}m.

600

500
400
300 | [

200 [

zone illumination w [1x]

100 §

t[s]

Fig. 5. lllumination of all zones with x(0)=0 for simulation B at 17:30 h. with clas-
sical PI controller.

0
= st
<«
=
g —10}
=)

-15}

001 005 0.1 05 1 5 10
p

Fig. 6. Mean steady-state offset for different values of p with the PI with offset
controller.

Fig. 7 shows the response of a step in the reference caused by occu-
pancy detected at t=6 for both the PI controller with offset and
the classical PI controller with the aforementioned parameter val-
ues. Both step responses show similar transient behavior, due to
the same pole location for both controllers, but the PI controller
with offset shows an offset, resulting in greater workspace plane
illumination.

5.2.4. Under-illumination

Light contribution from multiple luminaires is required to reach
the minimum illuminance W,. Under certain conditions, if one or
several neighboring luminaires are dimmed low and do not con-
tribute to the illuminance of a zone n, the illumination of the zone
may not reach wy . This is the case in simulation B at 8:30 h where
zone 15 is occupied; Fig. 8 shows a daylight rendering in part of the
office during this scenario. The sensors of the luminaires around
luminaire 32 are illuminated by daylight and therefore contribute
less to the illumination of zone 15, but the illumination of zone 15
by daylight is low. Therefore luminaire 32 is unable to reach the
set reference. Figs. 9 and 10 show the steady-state output and duty
cycles in this scenario. Luminaire 31 does not contribute to the illu-
mination of zone 15 and therefore the steady-state illumination of
zone 15 is only 412 1x, which is well below the target illumination
Wo.

6. Networked control

Section 5.2.4 shows that scenarios exist where enough room
to reach the minimum illumination level is available, but is

100

90t

80t |
70t |

|
60 [J.

50k !

sensor illuminance [Ix]

reference
....... classical PI
— — - PI with offset
4 5 6 7 8 ? 0

t[s]

40

Fig. 7. Step responses of both PI with offset and PI controllers on luminaire 55.
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Fig. 8. Rendering of simulation B at 8:30h. with the luminaires turned off. The
dashed rectangle indicates the boundary of zone 15. The numbers are the indices of
the luminaires.
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Fig. 9. Reference set-point and steady-state illuminance light sensor values in sim-
ulation C, where zone 15 is occupied.

not employed in the stand-alone control case, which results in
under-illuminated zones. This issue can be resolved by adding com-
munication to the classical PI controllers.

6.1. Networked controller

When the mth controller can not achieve reference rp(k), it will
saturate at 1. When the duty cycles of neighboring controllers are
less than 1, there is room available to achieve r,;(k). Depending
on the location of a luminaire, a controller may have 3, 5, or 8

0.8F 1

0.6 1

Duty cycle

02} 1

21 22 23 31 32 33 41 42 43

m

Fig. 10. Steady-state duty cycles of the luminaires in simulation C, where zone 15
is occupied.

neighbors, assuming a grid topology as depicted in Fig. 3. To exploit
information from neighbors, a networked controller based on the
classical PI controller is considered. The controller has the following
state space description:

X = sat(sat(amXm + Bmem) + maxc;P; )
Um = sat(sat(omxm + Bmem) + mjaxcid%’m) (44)
ch = asat((amum + Bmem — Um)Gm.m + Cm),
where
0, if xp<0

asat(xm) = (45)
Xm, otherwise.

The asat(xm, ) function prevents the controller from sending mes-
sages with negative value. In (44), ® is a constant matrix. If the
mth luminaire communicates to the nth luminaire, then &, >0,
otherwise @, =0. The value @, is set at

(46)

where Gy, - 1is the value of illumination at the mth sensor when all
luminaires are set to 1.

The controller above may be interpreted in terms of the classical
PI controller as follows.

e The mth classical PI controller calculates the output value accord-
ing to (15). If this value is greater than one, one is subtracted and
the remainder is sent to all controllers in the neighborhood. The
message sent by the mth controller at the kth iteration is ¢y (k).
If the mth controller receives a message from the ith controller,
the message is multiplied with ®;,;, and then added to the satu-
rated output of the classical PI controller. The output is saturated
before the received message is added, otherwise a negative value
in the classical PI controller output might suppress the received
message.
If the mth controller receives multiple messages from different
controllers, it will multiply all messages with the corresponding
factor and add the largest value to the output of the classical PI
controller.
e To ascertain that the contribution from neighbors to the mth
controller by the message cp(k) is enough to make &, = 0, the
message is integrated by the sender.

6.2. Saturation at step responses

Because the controller starts transmitting when it saturates at 1,
existing overshoot is amplified for the networked controller. There-
fore the B, parameter needs to be tuned such that the controller
does not saturate when it responds on a step in the reference.
When B = Gply,, the PI controller tries to achieve the reference
alone. In the lighting plan used, the mth luminaire is responsible
for 30% to 50% of the illumination at the mth sensor. The rest of the
illumination contribution at the light sensor comes from all other
luminaires. To minimize the saturation at step responses, B is set
at(1/Gy 1), where Gy, is the mth row of G. Now the PI controller uses
the total transfer to the mth sensor to calculate the output and will
saturate less on step responses. The value of G;1 can be obtained
during the night-time calibration step.

7. Simulation results for networked control
7.1. Under-illumination

The scenario of Section 5.2.4 is simulated with the commu-
nicating controller. Fig. 11 shows the steady-state errors in the
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Fig. 11. Steady-state errors in scenario of under-illumination, with and without
communication.

under-illumination scenario. The positive error on sensor 32 is
resolved with communication. This results in more illumination of
zone 15. With the PI controller, without communication, the illu-
mination at zone 15 is only 412 Ix. With the networked PI controller
the illumination at zone 15 is 558 Ix, so the zone is sufficiently illu-
minated. Fig. 12 shows the message sent by controller 32 in this
scenario. When the zone is unoccupied at t=0, a constant mes-
sage is already sent because r, 3, is not achieved. After zone 15
gets occupied at t =3, the reference is set to r, 3. More illumination
by neighbors is required, c3; stabilizes at the point where &3, = 0.
At t=19 the sensor detects that the zone is unoccupied and the
reference is set to r, 3, again.

7.2. Networked controller overshoot

Fig. 13 shows the same overshoot analysis as in Section 6.2. The
median of the overshoot over all step responses is 1.54% and in
99% of the step responses, the overshoot is less than 11.0%. The
overshoot requirement is thus met.

7.3. lllumination of the zones

To find out whether the minimum illumination constraint is
met, 10 different static random occupancy scenarios where the
probability that a zone is occupied is 0.3 are simulated for all
daylight instants in Simulation A. For only one of the simulated
scenarios, the minimum illumination constraint is not met. Fig. 14
shows the illumination for each zone and each simulated daylight

Fig. 12. Message sent to neighbors by controller 32. At t =3, occupancy at zone 15
is detected. At t=19, the zone is unoccupied.
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Fig. 13. Overshoot with the networked PI controller at each zone for 20 different
sequence orders.

realization. At zone 29, which is occupied, the illumination is 10%
less than W, between 17:30h and 19:30h. This is caused by the
effect discussed in Section 3.3, where the ratio between the day-
light on the sensor and daylight on the zone has changed, so the
reference at the sensor is met, but the zone is under-illuminated.

7.4. Power consumption comparison

We compare the power consumption under the networked PI
control lighting system with optimum centralized control light-
ing systems as well as one that uses the distributed optimization
approach in [11]. Since the power consumption is directly pro-
portional to the sum of duty cycles of the luminaires, we shall
consider the average duty cycle in steady-state for comparison. The
steady-state average duty cycle of controller (44) is compared to a
centralized controller which solves the following linear program-
ming problem:

OPT1 :min u-17 s.t.
u
—Gu < —q (47)

where the last inequality is element-wise. Only cases where & < 0
with the networked controller are compared, in those cases (47) has
a feasible solution. When matrix H is known and the illuminance

target illuminance - zone illuminance

13.00
10:00

7:00 5

time [h]

Fig. 14. Steady-state illumination of the zones with daylight from simulation A. The
positive bars show under-illumination at the zone. The maximum illumination has
been capped at 1000 Ix for clarity.
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Fig. 15. Mean duty cycle of networked PI controller, OPT1, OPT2 and [11] under
simulation A with probability of a zone being occupied is (a) 0.3 and (b) 0.6.

values at the workspace plane are known, the following optimiza-
tion can be directly solved by a centralized controller:

OPT2 : min u-17 s.t.
u
—Hu < —-W + pg (48)
O<ucx<1,

where W is the vector with values W, and W, and ps is the vector
of constant daylight at the workspace plane.

To compare the power consumption of the networked PI con-
troller, OPT1 and OPT2, and the one in [11], 10 different static
occupancy scenarios where the probability of a zone being occu-
pied is 0.3 and 0.6 are simulated for all 3 full days listed in Table 2,
resulting in 1560 simulations for each controller. Fig. 15 shows the
mean duty cycle of the four systems for all daylight realizations
of simulation A, for one occupancy scenario. Because the approach
in [11] relies on solving local simplex optimization problems, and
uses a weighted average to calculate the duty cycle for the mth
luminaire, the available power of the mth luminaire is not fully
exploited to achieve the reference set-point at the mth sensor.
On the other hand, the networked PI controller exploits the mth
controller fully to achieve the mth reference set-point; therefore
the approach in [11] is less power-efficient than the networked PI
controller. The difference in average power consumption between
the networked PI controller and OPT1 is less than 10% under both
occupancy conditions.

8. Conclusions

We presented a distributed lighting control system under two
networking scenarios. The controllers sought to meet desired illu-
minance values at the workspace plane, specified in terms of
occupancy-based light sensor set-points that were determined dur-
ing night-time calibration. Two controller types were considered
in stand-alone control. A classical PI controller was used to track
a reference, while PI controllers with offset were used to track a
reference with a positively biased offset. The considered PI con-
trollers resulted in stable steady-state with an overshoot that was
within the required limits for 99.994% of simulation instances. The
stand-alone PI controllers were not always capable of reaching the
reference set-point, because neighboring controllers are unaware
of the under-illumination situation. This was mitigated by adding
networking capabilities to the classical PI controller. The power
consumption of the networked PI controller was found to be close
to that of the centralized controller OPT1 that optimizes duty cycles
with light sensor inputs.
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