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Abstract

Cooling Energy Reduction by Cooperative Systems

of Office Buildings in Summer

Nam, Hyeong Gon
Advisor : Prof. Hwang, Tae Yon
Department of Architectural Engineering

Graduate School of Chosun University

Key words : Active Building Equipment System, Cooling Energy, Cooperative Systems,
Office Buildings, Energy Saving

In recent years, the use of building energy has been increasing by satisfying the comforts
of residents and by increasing the heating and cooling load caused by global warming.
Measures for the development of renewable energy and the over-consumption of energy are
internationally key items in the political, economic and environmental aspects .

Therefore, energy related research is actively underway in Korea. Among them, the
building sector accounts for 23% of the total energy consumed in Korea, and it is a
cost-effective alternative to other industries, which is a priority for energy saving policy.

office building occupies a relatively high proportion of 36% of the total building
energy. The pattern of users is simpler than that of residential facilities, and it is expected
that the effect will be maximized when applied to the algorithm. especially, the energy
used for air conditioning and lighting occupies about 80% of the total building energy, so
it is demand to reduce the energy consumption through the integrated control algorithm

developed in this study.
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However, absorbing solar energy to reduce lighting energy increases the energy
consumption of the cooling energy and reduces the cooling energy by reducing the solar
energy, which increases the energy consumption of the lighting and makes the correlation
between the air conditioner and the lighting difficult.

Therefore, in this paper, we propose an algorithm to control the inflow of solar radiation
using a shading device, to create an environment suitable for office buildings in terms of
air conditioning and lighting, and to integrate and control active facilities systems.

The automatic control algorithm of the intelligent shading system according to the first
direct sunlight inflow depth is calculated based on the sunlight angle between the building
and the sun, and the algorithm logic is set. In order to enable intelligent shading control
corresponding to the external environment, Based on Hour clearness index(K ;)

The second, air conditioning system control algorithm developed an analytical formula for
the predicted solar radiation entering the room. Based on this, the solar radiation inflow
was predicted and the indoor heat load was calculated through the solar heat acquisition
coefficient. We developed an air conditioning control algorithm that responds to the
calculated thermal load.

The third, the control algorithm of the lighting system converts the indoor solar
irradiance to the indoor sunrise quantity by applying the Perez Model, predicts the
incoming sunshine quantity, and sets the control correction value of the artificial lighting
dimming control system based on the predicted incoming.

Finally, based on the control algorithm for each element of the active building system
developed in this study, we developed an algorithm that can control the awnings, lighting,
natural light, and air conditioning system integrally. As a result of this test-bed
demonstration, the energy consumption of the active building system prove that reduced by
about 20% by the control method alone.

The 20% reduction of building energy through the integrated control algorithm means
that the zero energy building certification system is equivalent to one grade, and it is
expected that the expansion of the entire building will greatly reduce the share of

renewable energy.
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a, = arcsin[sinlsinS — coslcos&cos (nt/12)]

a; = arccos (cosa,cosa, )

aZ = ab’ - a(i

. 7t
cosésm(ﬁ)

a, = arctan|

coslsind + sinlcosdcos (%)

t=t,+EOT+ M

.o 4m . 2
EOT=0.170sin [%(J— 80)] — 0.129sin [%(J— 8)]
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START

»,

Collection @ chosun

Calculate Hour clearness index
I
Ky = i
'{ah
No
Input necessary Data
ILt,5M, date, ], a, h, Ly, Wy
Calculate Equation of time
EQT
Calculate Solar time
t
Calculate Solar declination
& Y
l Blind fully open
Calculate Solar altitude angle
a‘e
Calculate Solar azimuth angle
G'S
KCalculate Solar-elevation azimuth angle)
aZ
Calculate Solar incident angle
a;
Calculate profile angle
Ap
]
¥
Control Blind System
R.= tan(ap) =Lg— Wy
A
END
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J835] X =AM €0eS




KIO
B

-l

ol

=

il

MN4d SEAA

N2

I_l_
— T

It

HE

F

[l

IS)

toil 2

2

A+ =24

Dl 282=0 2o Moot Ol AIXIE 1

N

M0

jild

e
I8

Ju

Ki
M0

(0]
[y

Rr

=8

H D&t

ZZAIA0 CHol

ot ZBZXMO

2l
r

Rl
)

ol

<[
70

i

<J

4L

n0

oll
ol

OF

<l

get &

o
Reference Room1l}

A =20 2

A
=

Ab E0tE 1 XHeke

Ql
=

(@)
HA= AN OE XS

ot
0

0l
0

ol

Ju
)
ol

OF

<

—

[—

=X M0t OI=FX

| S |
[

=
[—

.

A IS Reference Room

UL

A
T

ol

0J
gl

=20

3

o
o

}

X

Mot2 2

Xl TypeOl &

T

Hef

X

= Ml ol

20

Z2< WEO

EH O A XI 2

<+
ioll

—_

<J

ol
oll

uir
RF

J

19)

jild

=
1o

s}
Jlo

ol
<

jild

Ql
=

- &8l

(s

%

to1 &

<+
ioll

ol
a0

ol

ol

o

KIr
ulJ

L2 2

¢}

MetA dA

HcAs0l UCH

tHESHI0=

AE

H0

Ju
ot

_42_

Collection @ chosun



e o o oW o<
o o < < 4w m H = o=
o W = © o Wog AU X mywzw o3 o4
+ Sl RO = < L Sl < of 0 S -
nJ 1 K o~ _ = H - KO =2 ol
T ° o il )
5w S 8 W = . o ol ol z B o ° A= .|A_= N
o = Rr — Ol O oozl s M= B ol =
= < = o0 o = = = B u U 0l0 _ 0
=~ © ol = < < R B8 = — <k S K 2= Rr
~ ot & = = = 3 1o o Il
s o N R oW T - <k o
6 Ay = - N ) I = T u A
0z W L8 U Wy S o ° Ir 8
IS R 5 T sy or = o] © o - o ™ =
N S 4 of Kl joo pp 3 4 = © of b o1 =
0H oll ~ (40 m_..._ — 5 1 v i m A0 U ) ol
m o Nz z_.=29"M oz g @D
= w Ko W= ™ WVgpWwos Ao W &
< W o3 < ot gy A oW W D g 0 L F
= RO Kr U0 ]I noar U <o — T = | B
oll o = 5 T < = ~ = < 7 = = __M =
X o = U o © nd = M © m < = D Y ol o
sl A L ;bwa,%%&a_% s P & =
PR — —/ ) w D g [D . o < bl N = w
R ) AU H_T4__romwm_mm_,_,a 38 5O = = 0l
53529 E ﬂmﬁj?Mxﬁ s X W a 2 o
A5 S W o da”dswPr s oUoR RO 10 o <k
N che 00 = 3l e S 20 MW 3 oS == R _— It Ko T =
oo = K O 20 7 = = W ol 0y = =z O 3 2 S 5 s
i <A = D B ol = 93 T — o % I9) ioll
| W ES2am® S 4= d ws FT
= O i o = o M Ly — <k < o ™ o 2
s 2tz 2 s Pga® LN R © Uy
nS o = = [Tl P s Ul ol 33 — I B S =
O o = nr ol 0 J - = = ° o =<
70 = _._,I _.___E _ | H = U .Ao 1o ,IA o ofl e} oll
= W o T - N A S oS 0 L oo
Kr <0 = A L3 .= = Ar ol L0 = = RN )
10 ~n0 O _ 1l _UI CT _ lTe) =< o_:._ O X o
< Bl n0 S m ° o . D ol
o] X ol &0 = 351 % B X o~ W ol 0f0 su M o535 2 ok
L = < @ o I 5 RO o ol =od ok 3 &
o= U WS ook @ E R sl _wm %S oW
=1 3T . m_x_ﬁa_zmuogMo_Ewo_E m_ﬁETATaoa
= W -, = o —= 5 = R P!
al & T 5 < ﬂo_ﬁmswaee_ﬁ@%gg% oo < 7
= gzmw_.mo.mMM,amMLM g Mol 3
oA Ay O |@E;EW¢H%Q%%&% = - T
FowoE B N S R ol @ = = X o ° RS R
o OF I o= RMC M od0 S or B o4 85 K = R
pp B0 AU _ 51 = W oo ol 6 J R o7 < =~ ¢ 0l < <
' ® 5 = =i ol =< M ol K Dl 0 o ol — 0
OL m D | 4 P S = —_ 0 .A_._._ _JO __o=._ _JO A—I _D K - Y
= 2 < @%AME%?EJ%@H? Dok oW
o ol o1 = M J) ® K o ol ol @ JJ R & oLl

H=(SHGC L= g-value)dt Z L36tCH

| s—

=

=

Collection @ chosun



START

Exterior Horizontal
Global Solar Radiation

Direct/Diffuse T
Decomposition |

i

l

Exterior Horizontal
Direct Solar Rodiation

Exterior Horizontal
Diffused Solar Radiation

2 Vertical Fraction Conversion
—

From Horizontal Fraction

Exterior Vertical
Direct Solar Radiation

Exterior Vertical
Diffused Solar Radiation

Exterior Vertical Terrestrial
Reflection Radiation

3 Transmittance of Glass & Roll Blind «

Indoor Vertical
Influx Radiation

Heat Gain by AT
Heat Gain by Solar Radiation(g-value)

Estimate of
Indoor Solar Heat Gain

END

[D&l4.1] &l

29 AN EH
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42 A =g A FH
42.1 &4 2l

Al 72 YA FEHO H HiHs A2 +EH MAMZ SHAAMESIH0 O &
g LMot e LAL)E FE0tsE Hé Zel2 AIEGHH Al4.10F 201 E8E
= AL

Al +EHH AAES HAEL]

Iy =Ipy + Iy 4.1)

a ZelE RIiME AI2E RS HdFOH0GHH, ZHatE2lel 2L 2= Erbs
Model, Reindl Model, Orgill and Hollands Model, Lam and Li Model S0| U2 A4t
Fcl 20 UMM £330 2 = Us 229 2SS0 e QXE dlwst
DervishiSO0| XISt J[EQ HRIL QUL oY HP= X2 HIE HEFEH gtol
RMSD(E# HMZ2 ®XI, Root Mean Square Deviation, 0|5t RMSD)2t ACH B Xt
O MBD(&CH E# 22X, Mean Bias Deviation, 0|3t MBD)E 0| &35t 229 X &t 2
cl @0l CHE XE HlWotACH 242 A4l 428 Sot6 RMSD, MBDE & =
9l CH28].

RMSD= (4.2)
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(4.4)

(4.5)
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7 (4.6)
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Exterior Horizontal
Global Solar Radiation

Direct/Diffuse [
Decomposition h |

Exterior Horizontal
Direct Solar Radiation

Exterior Horizontal
Diffused Solar Radiation

Convert Solar Radiation to

llluminance Value with Light Efficiency

Y

Y

Exterior Horizontal
Direct illuminance

Exterior Horizontal
Diffused illuminance

3 Calculate the slope llluminance value «—————|
Y

Y

Exterior Vertical
Direct lluminance

Exterior Vertical
Diffused llluminance

'y

4 Transmittance of Glass & Roll Blind
v

Indoor Vertical
Influx lluminance

5 Calculate lluminance Distribution <

Estimate of Indoor
Hluminance Distribution

[O852] & 7
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PN 4 0.983sina, +0.451)
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Npg = 770(

(5.4)

Na = 1, (3.375sin%a, — 6.175sin’a, + 3.4713sina, +0.7623)
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Ul 2 e A 2 &8

0.78
Ny = = =93.9 (5.6)

) a2 =AM X& Model &F

e #8H X2 30 £ T HHEols HEHQ ModelZ2= Perez Modelll CIE
&S ModelOl HEEOICH 2 =20Me 5 I 2L &y HHs s 2d 4
UM CHE/UE RMSD2H MBDE A4St ZE HlwWst dal ARE Solf A& G|

Z olCH 1O 21 gt2 , CIE Model2l 2Xt= RMSD 55.4%, MBD 39.3%.Perez Model

[H£5.1] RMSD2 MBDE &8 #=&H X& Hgt 2o @t Hluw
Models RMSD(%) MBD(%)
Perez Model 41.2 -30.1
CIE &3 Model 39.3 554
2) Perez ModelS S8t &2 XM & JH&t

I

Perez Model2 HZSAEHE MESH ot &2 +=AH XE(F)E HAGHH 0l &
e =AU MG XE(E,)2 a2 A i X (F,)E D0 AHAECH O &
B2 OtcHel Al57~5.118 Soll P& &= U2H EHL LA (q), =ZBHH st H2 B

AF2H(,), Generic Circumsolar Coefficient(F,), Horizon Brightening Coefficient(F})7t 2
SICH3T].
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E,, = EdH[%(le cosf,)(1—F,)+ Fl(%)+ Fysinf,]

a= MAXI0,cosa,]
c= MAX][cos85 " ,cosb ]

F,F, OG22 4 511~5.142 Soll g = U2
201 Xl HE(Brightness Index, A), 8E 1%, S|
e H528 Soff g = ULL

Fi=F,(e)+Fe)A+F;;(e),

Fy=Fy (e)+ Fyy(e) A+ Fy(€)0,

S PARPAE=S

g+ Ipg/ L) + 104167
1+1.04163
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E
A
— 58 —

Collection @ chosun

(5.7)

(5.8)

(5.9)

(5.10)
(5.11)

O 24J1 XIEH(Clearness Index, €)2t
2 (m=1/cosh, )0l RN Fo

=2o

(5.11)
(5.12)

(5.13)

(5.14)



[H5.2] F-value[35].

€ Upper c point source circumsolar region(AITOa)
ase
bin limit Fyy Fyy Fig Fy Fy, Fyg
1 1.065 | 28.30 | 0.187 0.578 | -0.212 | 0.131 | -0.081 | -0.139
2 1.230 | 9.17 | 0.583 0.176 | -0.356 | 0.272 | -0.206 | -0.192
3 1.500 | 945 | 0.637 0.162 | -0.366 | 0.303 | -0.206 | -0.206
4 1.950 | 1233 | 1.086 | -0.510 | -0.471 | 0.464 | -0.401 | -0.264
5 2.800 | 16.09 | 1379 | -1.051 | -0.585 | 0.652 | -0.685 | -0.350
6 4500 | 16.09 | 1.403 | -1.018 | -0.727 | 0.812 | -0.946 | -0.472
7 6.200 | 5.50 | 3.884 | -10.787 | 1.825 2315 | -7.059 | -1.042
8 - 3.07 | 2350 | -1.365 | -2.377 | 1951 | -4917 | -1.403
533 AUl =&EH X =&

Al =8 ZE(F,)2 H&2 IHLEXNS 2 W0l ek HAtol &0I6tHH A
e =& XE(E)0 22 B39 FiUtE, ML ENEss S8 g0IH A5.15~5.16
S Sl #& = UL OIHUl =22 & FEUE(r,), =7l & BFAIE(p,), A& &
SME (7, 5), M2 L BHAIZ(p, )0l RFECH 8t 22to] Fiats & BtAlES

AL =8 2T HAN(XIY )
Ey =1, Epy
AU =8 2T HA(XY H)
Env=1, * Ery
AL Xt EXIIF Y= B3RS X FE
TvTv, B
T’U,f: 4
1_p'u Puv.B
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[O853] 2 ATHS s E BAME HE

=l FlE

T, = Epy/Eyy (5.18)
=l BtAls
po=Ey V,BR/EA V.GR (5.19)

T = Esv/Epy (5.20)

/;U,B =Ey V/EA V,BR (5.21)
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O 28 2O S=ots FA2Z 0IF0HA= &4

OlH0l Dimming MO A2 ZHASH e DIEH2 &
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| Lighting

Control Signal Feedback Signal

Illuminance
meter

[11&5.5] Test-bed =2 MO HE X
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Measure Illuminance
Ey

E, < 500Ix

Yes

Exterfor Horizontal
Global Solar Radiation

|
l l

Exterior Horizontal Exterior Horizontal
Direct Solar Radiation Diffused Solar Radiation
Exterior Horizontal Exterior Horizontal
Direct illuminance Diffused illuminance
Exterior Vertical Exterior Vertical
Direct llluminance Diffused llluminance

Indoor Vertical
Influx Numinance

Estimate of Indoor
Muminance Distribution

Comparison of measurement Values
and calculation results

Operating the lighting fixture to
compensate for the lack of luminance

END
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Calculate Hour clearness index

Input necessary Data

I,L,t;,SM, date, ], ag, h, L7, Wy,

i

Control blind with
Calculated profile angle

Blind fully open

Exterior Horizontal
Global Solar Radiation

l

|

Measure Temperature

Yes

Exterior Horizontal
Global Solar Radiation

l

}

Exterior Horizontal
Direct Solar Radiation

Exterior Horizontal
Diffused Selar Radiation

Exterior Horizontal
Direct Solar Radiation

Exterior Harizontal
Diffused Solar Radiation

l

I
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Direct illuminance

Exterior Horizontal

l

Diffused

Exterior Vertical
Direct Solar Radiation

Exterior Vertical
Diffused Solar Radiation

Exterior Vertical Terrestrial
Reflection Radiation

Exterior Vertical
Direct lffuminance

Exterior Vertical
Diffused llluminance

|

Indoor Vertical
Influx liuminance

|

Estimate of Indoor
Hluminance Distribution

l

Comparison of measurement Values
and calculation results

'

|

Indoor Vertical
Influx Radiation
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Estimate of
Indoor Solar Heat Gain

|

Lias0.12w

L

iy

Operation of air conditioning
By the calculated heat load

Operating the lighting fixture to

compensate for the lack of liuminance
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Abstract: This study aims to evaluate the accuracy and energy savings of a daylight responsive
dimming system (DRDS) when considering the influence of indirect illuminance. In the case of the
existing DRDS, during the calibration process of each luminaire, the other luminaires were turned off
to detect the illuminance of both the luminaire and the incoming daylight. However, the work plane
illuminance under the luminaires was affected by the indirect illuminance from the other luminaires.
The final work plane illuminance would thus be higher than the target illuminance during real system
operation. To improve the accuracy and energy savings of the DRDS, an improved dimming control
algorithm was applied to the DRDS when considering the influence of indirect illuminance. The
real-time power consumption and accuracy of the target illuminance of the DRDS when considering
the influence of indirect illuminance in a full-scale mock-up was measured and analyzed (for 23 days,
from 22 June to 18 July 2018). As a result, the average accuracy of the target illuminance was 98.9%
(SD 0.5%), and the average saving in lighting energy was 77%.

Keywords: LED dimming system; energy savings; daylight; indirect illuminance

1. Introduction

1.1. Study Objective

Since the 1997 Kyoto Protocol to the United Nations Framework Convention on Climate Change,
the international community has been pursuing various policies to cope with climate change. The
Republic of Korea has announced its greenhouse gas emissions reduction goals. To fulfill these goals,
research and development has been actively carried out to reduce the greenhouse gas emissions and
energy consumption in each field. In the field of architecture, which accounts for 25% of the total
greenhouse gas emissions in the Republic of Korea, for example, a zero-energy building activation
policy is being implemented to reduce the energy consumption of buildings by more than 90% when
combining energy consumption and production [1]. To realize a zero-energy building, it is necessary
to improve the efficiency of the facilities used in the building and to actively utilize renewable sources
of energy. Among the various facilities of a building, the lighting installation occupies a relatively
high proportion of about 20% of the total energy used [2]. To reduce the energy consumption of a
lighting installation, LED luminaires with the advantages of high efficiency and a long life are used.
In addition, studies were implemented to increase daylight availability and daylight factor through
architectural design [3-8]. To further reduce the energy consumption of the lighting, a DRDS that
utilizes daylight incident to an indoor area is typically used.
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The DRDS predicts the work plane illuminance by measuring the daylight incident to the indoor
area through a photosensor installed on the ceiling or in the luminaire itself. If the predicted work
plane illuminance exceeds the set target illuminance, the luminaire is turned off, and if it does not meet
the target illuminance, the luminaire is dimmed based on the insufficient illuminance value. According
to previous research, the saving in lighting energy achieved through daylight responsive dimming is
about 60-80% on average [9]. This saving is a theoretical value that requires an accurate prediction
of the work plane luminance, and precise control of the dimming. With a conventional DRDS, it is
difficult to accurately predict the work plane illuminance, and the theoretical saving in lighting energy
is not achieved when applying a simple dimming control algorithm. The simple dimming control
algorithm applied to a conventional DRDS uses a direct illuminance learning method, which learns
the work plane illuminance value of only a single point, and the value of a photosensor attached to the
luminaire according to the available dimming level. This learning method is not suitable because an
actual luminous environment is indirectly influenced by many luminaires at the same time. Therefore,
in this study, a dimming control algorithm was developed that considers the indirect illuminance
affecting the work plane illuminance as a way to improve the energy saving of the DRDS, and the
target illuminance accuracy and saving in lighting energy were analyzed. The term of “indirect light”
is generally used to indicate light reflected from non-emitting surfaces. In this paper, the term of “direct
light” was used to indicate incident light from a specific luminaire to the work plane at a position
directly under the specific luminaire. Also, the term of “indirect light” was used to indicate incident
light from the other luminaires except the specific luminaire to the work plane at a position directly
under the specific luminaire.

1.2. Previous Research

Several previous studies have analyzed the accuracy and energy saving of a DRDS. Al-Ashwal and
Budaiwi (2011) investigated the energy performance of office buildings resulting from an integration of
daylight and artificial lighting in hot climates according to the window design, including the window
area, height, and glazing type. The results showed that as much as a 35% reduction in lighting energy
consumption can be achieved using daylight and artificial lighting integration [10]. Fernandes et al.
(2013) evaluated the lighting energy saving of split-pane electrochromic (EC) windows controlled
to satisfy key visual comfort parameters. Using Radiance lighting simulation software, the interior
illuminance and luminance levels were computed for a south-facing private office illuminated by a
window split into two independently controlled EC panes. Depending on the work plane illuminance
for which the electrochromics were controlled, the energy savings ranged from 43% to 67% [11].
Caicedo et al. (2011) proposed a control method for achieving a target illuminance at the workspace
plane using illuminance measurements from light sensors situated on the ceiling, as well as additional
prior information from a sensor calibration. The proposed method achieved 10% less power savings
on average than when the light sensors were located at the workspace plane [12]. Yoo et al. (2014)
calculated the distribution of daylight illumination into an office, as well as the dimming ratios for
individual control of LED lights using light simulation software. As a result, the power consumption
of electrical lighting was reduced by 40-70% depending on the season and weather conditions [13].
Gentile and Dubeis (2017) investigated the effectiveness of lighting control systems in office rooms
located in Lund, Sweden. This study used simulations based on the actual occupancy data. The
simulations focused on the portion of standby energy use on the total lighting energy use. The results
showed that the standby energy use accounts for about 30% of the total lighting energy use, but it can
increase up to 55% in extreme cases [14]. Nagy et al. (2015) presented an occupant-centered lighting
control strategy and its successful implementation through a case study. A double-blind occupancy
study was conducted, and the system performed as intended, adapting well to the occupants and
achieving significant energy savings. The best result achieved was a 37.9% energy saving compared to
the baseline mode, and 73.2% compared to the worst-case situation, for an all-day lighting mode [15].
Gentile et al. (2016) presented the results of a monitoring study according to four different lighting
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control systems (a manual switch at the door, a presence detector, daylight dimming with an absence
detector, and an LED task lamp). The energy performance of the manual switch with an absence
detector was 75%. The daylight-linked lighting control systems achieved only slightly higher savings
(79%) owing to the relatively high standby losses. The desk lamp achieved an energy saving of
97% [16]. Kaminska and Ozadowicz (2018) evaluated reduced energy consumption from lighting
in non-residential buildings equipped with KNX. The energy savings of offices were 28%, and in
educational buildings, energy savings totaled 24% [17].

In a previous study related to lighting control according to occupancy patterns and daylight,
Yun et al. (2012) reported field survey results on the illuminance distributions, occupancy, and lighting
use patterns, as well as the resulting lighting energy demand. No significant relationships were found
between the available daylight and the use of lighting by the occupants. The lighting use patterns are
significantly related to the occupancy patterns [18]. Pandharipande and Caicedo (2011) considered
an energy-efficient illumination control design of LED-based lighting systems in office spaces. The
goal of this study was to determine the optimum dimming levels of the LED sources to minimize the
power consumption while rendering a uniform illumination ata given illumination level in occupied
workspace regions, and a minimum illumination level of the lower value in unoccupied regions, while
taking the daylight distribution over the workspace plane into account. As a result of this study, the
power saving was 55-57% according to an overlap in occupancy [19].

Other previous studies suggested the use of a dimming control algorithm when considering
indirect illuminance. Wang and Tan (2013) developed an illumination control for LED systems
based on a neural network model and energy optimization algorithm when considering indirect
illuminance. This study developed a dimming control algorithm considering indirect illuminance;
however, the dimming control algorithm of this study can be applied to the DRDS, whereas the
dimming control algorithm of our study cannot be applied to the DRDS [20]. Choi et al. (2016)
suggested an “indirect illuminance” concept {method B) to improve the system performance and
predict the potential savings in the lighting energy of a system. Certain inherent problems caused by
the open-loop proportional control algorithm used were identified, and the energy saving potential of
this method was 36.9-73.8% [21].

In a previous study related to predicting indoor illuminance by daylight, Yun and Kim (2018)
developed the algorithm of the calculation formula from sky luminance distribution to vertical
illuminance and indoor illuminance. Yun and Kim proposed a method to analyze the sky conditions
using HDRI with a CCD camera [22]. Park et al. (2011) developed the improved closed-loop
proportional control algorithm for the integrated systems to predict the varying correlation of
photosensor signal to daylight work plane illuminance according to roller shade height and sky
conditions for the improvement of the system accuracy [23].

In addition, Parise and Martirano (2013) suggested a criterion for evaluating the yearly daylight
impact on the energy saving of internal lighting according to the daylight availability, the lighting
system layout, and the control system arranged using a daylight lumen method [24]. Ul Hagetal. (2014)
reviewed various existing technologies used for lighting control according to the input parameters, their
control method, the control algorithm, the cost of installation, and the complexity of commissioning,
among other factors. This study aimed at investigating the various control system types, the
development of their associated technologies, the saving reported from their application, and the
factors affecting their performance [25].

In summary, previous studies have examined the energy savings of DRDS; however, most of
the studies have used a direct illuminance learning method or a simulation case study. Therefore,
in this study, the real-time power consumption and target illuminance accuracy of the DRDS when
considering the influence of indirect illuminance on a full-scale mock-up were measured and analyzed.
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2. Daylight Responsive Dimming System (DRDS)

2.1. System Works of Conventional DRDS

A DRDS analyzes the sky conditions through an external solar radiation sensor, as shown in
Figure 1, and measures the amount of incident daylight into the room through a photosensor attached
to the luminaire. Based on the measured amount of incident daylight in the photosensor, the work plane
illuminance is predicted through the slope of the pre-learned photosensor/work plane illuminance. To
consistently maintain the work plane at the target illuminance and save energy, if the predicted work
plane illuminance exceeds the set target illuminance, the luminaire is turned off, and if it does not
meet the target illuminance, the luminaire is dimmed based on the insufficient illuminance value. The
photosensors can detect the difference between daylight and electric lighting by comparing the initial
photosensor value and final photosensor value after maintaining the work plane. When the amount
of incident daylight changes, photosensors can detect only the changed amount of incident daylight
based on the detected difference between daylight and electric lighting.

Solar Radiation Sensor

— ‘ 2
=
e
Himinaite Photo Sensor

70% 20%

Daylight

Figure 1. Concept of the daylight responsive dimming system (DRDS).
2.2. Conwentional Dimming Control Algorithm (Direct Hluminance Learning Method)

The direct illuminance learning method is a method for learning the work plane illuminance and
the photo-sensor value according to the dimming level of the luminaire at night. As shown in Figure 2,
an illuminance meter is installed at a position directly under the luminaire. The values of the work
plane illuminance directly under the luminaire and the photosensor are both logged according to the
dimming level of each luminaire. For example, when learning about luminaire 1, the values of the
work plane illuminance directly under luminaire 1 and the photosensor attached to luminaire 1 are
logged according to the dimming level of the luminaire. At this time, the values of the work plane
illuminance directly under luminaire 2 and the photosensor attached to luminaire 2 are not learned.
Likewise, when learning about luminaire 2, only the values of the work plane illuminance directly
under luminaire 2 and the photosensor attached to luminaire 2 are learned.
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Figure 2. System process of direct illuminance learning methods: (a) learning process for luminaire 1,
(b) learning process for luminaire 2.

The direct illuminance learning method is relatively simple and is able to learn the necessary
information in a short period of time. However, when applied to an actual luminous environment, the
work plane illuminance exceeds the target illuminance owing to the influence of indirect illuminance
by the other luminaires (Figure 3).

Luminaire 1 Luminaire 2
(100%) (100%)
—— = (
Direct Direct
light Indirect light

light

(1 [ ]

Figure 3. Actual luminous environment affected by direct and indirect illuminance.

If the photosensor attached to the luminaire recognizes that the work plane illuminance has
been exceeded, the luminaires are dimmed by the amount of target illuminance exceeded. The
direct illuminance learning method algorithm does not recognize whether the excess illuminance is
influenced by the indirect illuminance of the other luminaires, however. For this reason, the luminaires
are excessively dimmed. As shown in Figure 4, the DRDS applying a direct illuminance learning
method maintains the target illuminance by repeating the process of exceeding and not exceeding the
target illuminance. Depending on the particular case, when the target illuminance is converged after a
repetition of about 10 to 30 times, if the system is set for control once per minute, the lighting energy
is over-consumed, and the occupant may feel visual discomfort for about 10 to 30 min (Figure 4a).
In addition, when the indirect illuminance component is larger than the direct illuminance component,
the illuminance diverges without convergence to the target illuminance, and the target illuminance
cannot be maintained (Figure 4b).

For example, assuming that the direct illuminance directly under an individual luminaire (when
the dimming level is 100%) is 500 1x, and the total amount of illuminance (direct + indirect) directly
under an individual luminaire (when the dimming level is 100%) is 1010 Ix, each luminaire will
illuminate at 100% to maintain the target illuminance of 500 Ix. When all luminaires are turned on at
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100%, the work plane illuminance reaches 1010 1x, which exceeds 510 Ix. To reduce the illuminance,
the luminaires are completely turned off and diverge without converging to the target illuminance
(Figure 4b).

1100 - 1000
1000 - - 900
= 900 = 800 1}
c 800 £
§ 5 700
= = 600
2 600 - =
Q Q
S o 2 500
8 400 @ 400
= 300 | ~ 300
< 200 X 200
100 100
] A L S S S : g
135 7 9111315171921232527293133 135 29 111315171921232527293133
(Step) (Step)
(a) (b)

Figure 4. Maintaining the target illuminance of the daylight responsive dimming system applying the
direct illuminance learning method: (a) convergence and (b) divergence cases.

2.3. Proposed Dimming Control Algorithm (Indirect Hluminance Learning Method)

To solve the shortcomings of the direct illuminance learning method, this study proposes a
learning method that considers the influence of indirect illuminance. Indirect illuminance learning is
conducted at night when the daylight is not incident, as in a direct illuminance learning method. Unlike
a direct illuminance learning method, the work plane illuminances of all points and the photosensor
values of all luminaires are logged according to the dimming level per luminaire (Figure 5).

Luminaire 1 Luminaire 2
(100%) (0%) Luminaire 1 Luminaire 2
) %) (100%)
Photo Photo p =
Creor St Sensor 1 Sensor 2
Direct .
light Indirect indirect Diract
light light light
[ m!
IIIummancE Muminance \
meter L meter mete
lluminance Fhoto  fluminance Aphoto
Hlluminance [ Photo jlluminance’ Matar 1 Senser  Meter 2 // Sensor
Meter 1 / Sensor Meter 2 = 1 o 2
T . )
| —— llurninarce
Dirming (%) Dirming (%) Phota Sensor
Diming(%) Diming(%)
(a) (b}

Figure 5. System process of indirect illuminance learning methods: (a) learning process for luminaire 1,
(b) learning process for luminaire 2.

Assuming that six luminaires are installed in a room where daylight is incident, as shown in
Figure 6, the final work plane illuminance (ET1) ata position directly under luminaire 1 can be defined
as in Equation (1). The final work plane illuminance is referred to as the sum of the direct illuminance,
indirect illuminance, and daylight illuminance. Based on Equation (1), the final work plane illuminance
(ETj) of the other points can be calculated using the standardized Equation (2).
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Figure 6. Calculation method of direct and indirect illuminance.

ETi = ED1+En +Ex +Es1 + Es1 +Es1 + Eqr

ED; = Work plane illuminance at the position directly under the luminaire (1) by daylight;
E;; = Work plane illuminance at the position directly under the luminaire (j) by luminaire (i);

1
ET; = ED; + ; Ej; (2)
=

ET; = Final work plane illuminance at the position directly under the luminaire (j);

ED; = Work plane illuminance at the position directly under the luminaire (j) by daylight

n = Number of luminaires.

When the target work plane illuminance at each point is set to 500 Ix, assuming that ED1 is 200 1x,
the required illuminance at a position directly under luminaire 1 (ER1) can be calculated through the
following Equation (3). The required illuminance at a position directly under luminaire (j) (ERj) can be
defined through Equation (4) based on Equation (3).

6
ZEil = ETI -
i=1

ED; = 5001x — 200Ix = 300lx = ER; 3)

E1y1 + Ep1+ Es1 + Eyn + Es1 + Eqp = ERyq
E12 + Ex + Esp + Eg2 + Es2 + Es2 = ER2
E13+ Exs + Esa + Eg3 + Es3 + Ee3 = ERa
E1q4 + Eps + Esg + Egqq + Esg + Esy = ERy
E15 + Eps5 + E35 + E45 + Es5 + Ees = ER5
E16 + E26 + E36 + E46 + Es6 + Eee = ER¢

If the regression equations of the work plane illuminance according to the dimming level when
using the indirect illuminance learning method are defined through Equation (5), Equation (4) can be
defined as a simultaneous linear equation with six variables, as shown in Equation (6).

Eij = IE;g(Ly) )

g(L;) =Regression equation of work plane illuminance at the position directly under the luminaire
(j) according to the dimming level of luminaire (j);
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IE;; = Proportion of work plane illuminance at the position directly under the luminaire (f) and
work plane illuminance at the position directly under the luminaire () by luminaire (7).

TE118(11) + TEng(la) + TExg(La) + TEqg(Ly) + IEs19(Ls) + IEq1g(Ts) = ERy
IE12g(L1) -+ IEzzg(Lz) + IE32g(L3) + IEQg(L4) + IE52g(L5) + IEézg(Lé) = ER2
IE139(L1) + 1E238 (L) + IEa3g(Ls) 4+ IE4sg(La) + IEs3g(Ls) 4+ IEs3g(Ls) = ER3 ®)
IE14g(Ln) + 1Eng(Lp) + IE34g(Ls) + IEug(La) + IEs4g(Ls) 4+ IEs4g(Ls) = ERy
IE15¢(L1) + 1Easg (L) + IEssg(La) + IE4sg(Ly) + IEssg(Ls) + IEesg(Le) = ERs
IE16g(L1) + 1Epeg(l2) + IE3sg(La) + IEgg(Ly) + IEseg(Ls) + IE¢sg(Lg) = ERg

To calculate the simultaneous equations, the equations in (6) were converted into a matrix, as
shown in Equation (7). The inverse roughness ratio matrix of Equation (7) was transformed into
Equation (8) by taking the inverse matrix and multiplying both sides. By converting Equation (7) into
Equation (8), it is possible to calculate the dimming level that satisfies the required illuminance value
of each point.

IEyn 1Esy IEyy IEyq 1E5 IEg g(Ll) ERq
IEys 1Es IEp IEp IEsp IEg g(Lz) ER»
1Ey3 1Eoz IEzz [IEss [Esz IEgs g(L3) _ ER3 @
IEy4 IEoy I1E3 IEy IEsy ITEgy g(L4) ERy
IE;s IEps [IEss IEgys IEs; IEgs g{ls) ERs
IEjq IEpg IEs [Egy 1Bz IEgs gile) ERg
-1
g(I_q) IEyw 1Exy IEz IEy IEs; IEg ERy
g(Lz) IEi» [Ex» IEyp IEp IEsp IEgp ER>
g(L3) = IEi3 [IEp3 IEsz IEss IEszs IEgs ERs3 ®)
g(L4) IE1y 1By IE3y IEy IEsy IEgy ERy
&(Ls) IE;s IEss IEss IEgs IEss IEgs ERs
g(Le) IEj¢ IEs¢ IEss IEg IEss IEg ERg

3. Evaluation

3.1. Test Bed

To evaluate the accuracy of the work plane illuminance and the energy savings of the daylight
responsive dimming system proposed in this study, the DRDS was applied by considering the influence
of indirect illuminance on the full-scale test bed, as shown in Figure 7. The size of the test bed was
2750 (W) x 6000 (L) x 2700 (H) [mm], and six luminaires (LED, 1200 > 300 [mm], 40 W, with a built-in
photosensor) were installed. The test bed was located in Gwangju, a metropolitan city in the Republic
of Korea. The azimuth angle of the test bed was 23° (SW). The work plane illuminance monitoring was
conducted after installing an illuminance meter (P1-P6) at the work plane height (750 mm) directly
under each luminaire.

6.000mm

-P5 H-PS H-m

Luminaire 5 Luminaire 3 Luminaire 1

-P6 H-M H-P?_

Luminaire 6 Luminaire 4 Luminaire 2

/1
el

wwnss?

Figure 7. Outline of full-scale test bed.
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Indirect illuminance learning was performed on the full-scale test-bed. The regression equation
(&(Ly)) of work plane illuminance at the position directly under the luminaire (f) according to the
dimming level of luminaire (f) was analysed as in Figure 8 and Table 1. Also, the proportion of work
plane illuminance (IEj;) at the position directly under the luminaire (i) and work plane illuminance at
the position directly under the luminaire (f) by luminaire (f) was analysed as in Table 2.
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Figure 8. Work plane illuminance according to dimming level.

Table 1. Regression equations (g(L;)) of dimming level work plane illuminance.

x* x3 x2 x R?
(L) 0.0051 —0.2112 2.9129 7.1438 0.9999
g(Ly) 0.0045 —0.1894 2.6403 7.0639 0.9999
g(Lg) 0.006 —0.251 3.4595 72117 0.9999
g(L4) 0.0055 —0.2328 3.2959 7.0318 0.9999
g(Ls) 0.006 —0.2531 3.5007 8.2746 0.9999
g(Lg) 0.0058 —0.2436 3.413 8.2883 0.9999

Table 2. Proportion of indirect work plane illuminance (Ey).

P1 P2 P3 P4 P5 P6
Ly 1 0.557 0.356 0.269 0.095 0.092
Ly 0.470 1 0.245 0.372 0.085 0.099
Ly 0.361 0.264 1 0.558 0.339 0.257
Ly 0.247 0.372 0.471 1 0.222 0.338
Ls 0.094 0.086 0.362 0.273 1 0.567
Ls 0.092 0.100 0.267 0.379 0.510 1

3.2. Accuracy Evaluation

The target illuminance accuracy of the proposed dimming control algorithm was evaluated in this
study. Therefore, to eliminate errors in the prediction of the work plane illuminance when applying a
photosensor attached to the luminaire, the measured work plane illuminance value used as the initial
work plane illuminance utilized daylight instead of the predicted value. As shown in Figure 9, the
initial work plane illuminance from daylight was measured when all luminaires were turned off. The
required dimming level for each luminaire was calculated by inputting the measured initial work plane
illuminance value into the dimming control algorithm proposed in this study (step 1). The required
dimming level values for each luminaire were input into each luminaire, and all luminaires were
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dimmed automatically. After all of the luminaires were automatically dimmed, the final work plane
illuminance, which was a combination of daylight and artificial light, and the power consumption of
the luminaires were measured (step 2).

@ Dimming level calculation ® Calculated

System & dimming level input | System & | __

Data logger i : Data logger :

| AVA /\ :

| E— 1 p | E— i | .

0% ! 30% L :

! i : :

I s e o i s i i

i @ Power consumption E

! measurement .

1 1

@ Initial illuminance i ® Final illuminance E

_____ measurement ________| g ----Measurement ______;
llluminance Illuminance

meter I meter I
<Step 1> <Step 2>

Figure 9. Process for evaluating target illuminance accuracy and energy saving.

Assuming the use of the test bed as an office, the target illuminance was set to 500 Ix (Korean
standard illuminance), and the evaluation was conducted for 27 days, from 22 June to 18 July 2018 [26].
The daily measurement time was from 9:00 a.m. to 6:00 p.m. at 1 min intervals. The Republic of Korea
has its summer from June to September. The summer in the Republic of Korea experiences a lot of
sunshine, which, with the exception of the rainy season, has a long duration.

The accuracy of the target illuminance was calculated by comparing the target illuminance
and final measured illuminance. The point at which the work plane illuminance exceeds the target
illuminance owing to the initial incident daylight was excluded from the calculation of the accuracy of
the target illuminance. For example, if only the initial illuminance by incident daylight of P1 and P2
near the window exceeds the target illuminance, the accuracy and energy saving calculation for all
measurement points are not excluded. The accuracy and energy savings for P3~P6 except P1 and P2
were calculated. Figure 10 shows the measurement of the final work plane illuminance of the luminous
environment controlled using the proposed dimming control algorithm from 22 June to 18 July 2018,
and the results of the analysis of the accuracy of the target illuminance are shown in Figure 11.

5000.0
4500.0
4000.0
= | | P6
c 35000 |
—r1
3. 3000.0 + |
3 —p2
2500.0 -
3 | —p3
2000.0
. {UrN l —P4
= 15000
= ! —P5
1000.0
500.0
0.0
N T OV © O o w«w W ®© O ™ T« OV ©
o~ o~ o~ o~ ed o o o o - — ~— — —
3 8 8 8 SR RRRRRRRKR
(Date)

Figure 10. Daily measurement results of the final work plane illuminance.
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Figure 11. Daily accuracy result of target illuminance.

As shown in Figure 10, the final work plane illuminance of P1 and P2 located near a window was
often more than the target illuminance (500 Ix). In contrast, the final work plane illuminance of P5 and
P6 near a door almost never exceeded 500 1x, and it was found that it remained constant at 500 Ix when
using the dimming control algorithm proposed in this study. The accuracy of the target illuminance,
shown in Figure 11, is the average accuracy of the target illuminance for all measurement points from
P1 to P6. The average accuracy of the target illuminance was 98.9% (SD 0.5%), which is quite high. The
maximum accuracy was 100%, and the minimum accuracy was 96.9%.

The results of the comparison analysis of the total average target illuminance accuracy with the
clearness index (Kr) for each day are shown in Figure 12. At a larger clearness index, the sky is without
clouds. As shown in Figure 12, the higher the clearness index, the higher the daily average target
illuminance accuracy. However, the accuracy was 98.80% or more regardless of the clearness index.

99.00 0.70
0.60
(B
> 98.95 050
Q O
[} =
= 040 3
2 98.90 »
1%}
< 030 _.
S 3
=)
98.85 B
0.10
Accuracy ==--=-Clearness index (KT)
98.80 0.00
§388%88g3ssg2yzee
3 3 8 8 8 R RRRRRRRR
(Date)

Figure 12. Daily average target illuminance accuracy and clearness index.

The average target illuminance accuracy of points (P1-P6) according to the sky condition was
analyzed and the results are shown in Table 3. A clearness index of 0.75 or more was classified as clear
sky. If the clearness index was less than 0.75 but more than 0.25, it was classified as a partly cloudy sky.
In addition, if the clearness index was less than 0.25, it was classified as an overcast sky [27-29]. In the
case of clear sky, P1-P4 were excluded from the accuracy calculation because the initial work plane
illuminance by daylight of P1-P4 exceeded the target illuminance. In the case of a partly cloudy sky, as
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with the clear sky case, P1 and P2 were excluded from the accuracy calculation. As shown in Table 8,
the average target illuminance accuracy was above 98% in all sky conditions.

Table 3. The average target illuminance accuracy of points (P1-P6) according to the sky condition.

(%)

Sky Condition P1 P2z P3 P4 P5 Ps
Clear - - - - 99.00 98.97
Partly cloudy - - 99.68 99.41 98.93 98.93
Overcast 98.90 99.06 98.96 99.08 98.69 98.89

3.3. Energy Savings Evaluation

The lighting energy saving ratio was calculated by comparing the lighting energy consumption
with the dimming control algorithm proposed in this study and the lighting energy consumption
without dimming control. When all of the LED luminaires (40 W) installed in the full-scale test-bed
were turned on 100%, the average work plane illuminance was measured to be about 1000 Ix, The
power consumption was measured as 104 W (936 Wh per day) by dimming the luminaire to satisfy
work plane illuminance 500 1x of all points from P1 to P6. Therefore, the lighting energy savings
waere analyzed based on 104 W (936 Wh per day). Figure 13 shows the graph of the lighting energy

saving ratio.
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Figure 13, Daily result of lighting energy saving ratio.

As a result of the analysis of the lighting energy saving, the average lighting power consumption
was 23.9 W (210.6 Wh per day), and the average lighting energy saving ratio was 77%. Whereas the
amount of lighting energy saving is generally high in the summer, a higher lighting energy saving
occurred under a clear sky than under an overcast sky. Because this study was conducted during the
summer, the average lighting energy saving ratio for the other seasons and the rainy season could be
less than 77%. Although the initial illuminance of all points exceeded 500 lx, the maximum lighting
energy saving ratio was analyzed as 90.1%, and not 100%. This result was caused by the standby
power of the luminaire; although all luminaires were turned off, they consumed a total of about 9.6 W
of standby power (1.6 W per luminaire). The maximum lighting energy saving ratio and the average
lighting energy saving ratio are expected to increase if a luminaire with little or no standby power is
installed. The minimum lighting energy saving ratio was 10.9%, which was demonstrated under a
rainy or overcast sky.

The results of the comparison analysis of the total lighting energy saving ratio with the clearness
index (KT) for each day were shown in Figure 14. As shown in Figure 14, the higher the clearness
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index, the higher the daily lighting energy saving ratio. The lighting power consumption and lighting
energy saving ratio according to the sky condition were analyzed, and the results are shown in Table 4.
As can be seen in Table 4, the lighting energy saving ratio was highest with a clear sky. Secondly, the
lighting energy saving ratio was higher with a partly cloudy sky. The clear sky and partly cloudy sky
did not show a significant difference regarding the lighting energy saving ratio. With an overcast sky,
the lighting energy saving ratio was lowest at 64.32% and showed a great difference from the lighting
energy saving ratio with a clear sky and partly cloudy sky.

Table 4. The lighting power consumption and lighting energy saving ratic according to the
sky condition.

Sky Condition Average Power Consumption (W)}  Daily Power Consumption (Wh) Savings (%)
Clear 12.81 115.25 87.69
Partly cloudy 16.80 18720 83.84
Overcast 2211 333.96 64.32
90.00 0.70
85.00 0.60
5'
m BGe0 0s0 O
g 3
< 75.00 =
@ 040 S
@ 70.00 0
s 030 ©
& 65.00 =
o 020 &
3 60.00 g
S
~ 55.00 0.10
Savings ====Clearnessindex (KT)
50.00 0.00
Sssagpscsgepgz==e
O 0 O O O ~ ~ ~ ~ ~ ~ ~ ~ ~
(Date)

Figure 14. Daily average lighting energy saving ratio and clearness index.
4. Discussion and Conclusions

A dimming control algorithm considering the influence of indirect illuminance was developed
and was evaluated to verify whether the accuracy of the target illuminance and the lighting energy
saving of the DRDS developed in this study could be maintained.

As a result of the accuracy analysis of the target illuminance, the average accuracy was determined
to be 98.9% (SD 0.5%). The maximum accuracy was 100% and the minimum accuracy was 96.9%,
which is quite accurate.

As a result of the lighting energy saving ratio analysis, the average lighting power consumption
was 23.9 W (210.6 Wh per day), and the average lighting energy saving ratio was 77%. The maximum
lighting energy saving ratio was 90.1%, and the minimum lighting energy saving ratio was 10.9%. This
result was caused by the standby power of the luminaire; although all luminaires were turned off, they
consumed a total of about 9.6 W of standby power (1.6 W per luminaire).

The dimming level of the luminaire applied to the dimming control algorithm proposed in this
study was applied in 20 steps. If the dimming level is further subdivided, the accuracy of the target
illuminance can be improved. In contrast, if the work plane illuminance value predicted through a
photosensor attached to the luminaire is used as the initial work plane illuminance by applying daylight
instead of the measured value, the accuracy of the target illuminance may be reduced. Therefore, in a
future study, an algorithm that increases the accuracy of the work plane illuminance prediction will
be developed for a photosensor attached to a luminaire, thereby maximizing the amount of lighting
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energy saving and providing a comfortable luminous environment. Also, to increase practicality, a
cost/benefit analysis will be implemented.
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Nomenclature

DRDS Daylight responsive dimming system

T Final work plane illuminance at the position directly under the luminaire (j)

Ej Work plane illuminance at the position directly under the luminaire (j)

Eij Work plane illuminance at the position directly under the luminaire (f) by luminaire (7)

EDj Work plane illuminance at the position directly under the luminaire (f) by daylight

n Number of luminaires in the room

ERj Required illuminance at the position directly under the luminaire (f)

(L) Regression equation of work plane illuminance at the position directly under the luminaire

)] According to the dimming level of luminaire (f)

i Proportion of work plane illuminance at the position directly under the luminaire (§) and
work plane illuminance at the position directly under the luminaire (j) by luminaire (7)
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