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Abstract

Daylight responsive dimming systems hove been used in few buildings (o date because they require
improverments to improve reliabilily. The key vnderlying factor contributing w poor performance s the
variability of the ralio of the photosensor signal o daylight workplane illuminance in aeordance with sun
position, sky condition, end fencstration condition. Theretors, this paper describes the integrated systems
between automaled roller shade systams and daylight vesponsive dimming systems with an improved closed-
loop proportional control algorithm, and the relative performance of the inteprated systems and gingle systems,
The concept ol the improved closeds=loop proportional conlral algorithm For the inlegrated syxtems is o predicl
the varying comelalion of photosensor signal 10 daylight workplane ifuminsoee scoording Lo rolisr shade height
and sky conditions for improvement of the system accuracy, In this study, the perfomance of the integrated
systems with two improved ¢losed-loop proportional contrel algorithms was coampared with thal of the cureent
(modified) clpzed-loop propartional contral algorithm, In the resulls, the sverage maintenance percentage and
the averape discrepancies of the target ilominance, as well 45 the average tme under 20% of target illumirance
for the integrated systems significandy improved in comparison with the current closed-loop proporional
conlrol algoribm for daylight responsive dimming systems as o single system,

Kepwords  Integraled systems, awlomaled roller shade systems, daylight responsive dimming systems,
daylighting, photoelectric controls.

Nomenclature

Sell) = idal sepmal procduced by photesensor Fom daylighr and electric bgh - Gme-dependent, wut (V)

Sl = davhght compooent of Srlh - ume-dependent, un it Y}

= ghectre [ighl componerd of 5 1) - 1o -dependent, wiil 1Y)

&= fracuonal aectvie lighting cutpan {Fresi= 1, ful| aupad ol ebecivc ghag B=1, minimun satpuat of cleetne lghts 5= fnq
£yt =1atal hpht {illumnance} at waskplave - me-dependand. unit (ux)

£ {1y =daylghl compoment of E1(t] - ime-dependent, unit (lux}

£ 1) = skt light companem of EgfL) - bimes-dependeal, uni [l

5. = signal produced by photosensoe for 5=1 wnhow daylight, uni {4

Ei o™ wirkplans tllummanss level fer =1 withoat day nzhl, umot (hee)

Eplt.) = workpdane dlomanance level by daylighl L colibeaion tme, umil {Tux)

SAta) = Sl priclused by plealodenser with dayligh &t calilnatecn o, ol V)

A = control shope of the control alganthn, <M E , wiil (¥ ')

My = eoavzlation of devdeghd leval an fhe work plane to the phimosensor signal, uni {lux™')

M) = ooz latwn of daylight leved onibe work pkane ks the pluobose nsor signal - time-depeande, wni { ey
M) = earrelation of deylight Ievel gn the workplane Lo the photogcnsgs signal ol calbration 1, un i (e
K7 = clegrness index, ihe measured global harizondsl soler @dizhon la the calculated ¢atre-tereestnial hemzontal mdraton
f41 = the matio of diffuse to okl radisnce

Ci1 = vahe of the dependend vaoable (roller shade meghl or G677, rote 10 thes sucdy)

ity = value of the dependent vanoble o colibaton ume {rofker shode haigh ar I et in this study)

Fu = Wbl light refleciion, the riba of vigible [ight (390700 nm} that 1s refMected from a miéner surfies

Ty = W15 kel brphol weansronsseon, Che vt of vasible Dight (350780 mim) than & trasamitied thnough 3 sandow glass



1. Dol vieed et

Caylight esponzive dimming systems have immense polentizl to significantly reduce energy consumption in
buildings, especially high-rise boildings with glass curldin walls. Such sysiems can save (G709 of current
annwsl £lectric lghiing consumption, according to past ficld measuwrements and simuolations [1-4].

Dwspite their significant technical potential, daylight responsive dimming systems have been wzed in few
huildings 0 dale hecause they meguire improvements to impeove celiability. The key underlying factor
contributing 1o pooe performance (thul is, wnderlit spaces) is the variability of My (Uhe rato of the photosensor
signal to daylight workplane illuminance) in accordance with sun posigon, sky conditions, and fenestration
conditions, When the system is commissioned under a given arbitrary sun position, sky condition, and
fenestration condition, thiz Mp in the current conteel algorithen is sat tooa fxed value, which results in the desigh
illyminance heing undershot under other solar and FEnestration comditions,

For daylight responsive dimming systems 1 be able 1o capitalize on the available daylighl, shading systems are
meeded 10 block direct sunlight and intrcduce available daylight wilhout cansing a discombort glare 1o cccupants.
Although My varies according to shading syetem conditions, sueh as dilfarent venetian blind angles and roller
shade heighty, the currem control algonthm uses a fixed Ay a1 daytivne calibration. My vares 33 according Lo
sky conditions as well. Therefore, the varimion of Ma wilh sky and shading s¥stern conditions showld be
considersd in designing whe cootrol algorithm of daylight responsive dimming systems. Hence, daylight
responzive dimming systems should be negrated with guomated shoding systems 1o prodict vprying Ay
sccording 1o sheding system conditions, and the control algorithm for the integrated systems should consider
varying Adp with shading system conditions as well as with sky eondilions for the systemn perfoemance.

2. Backizround

Currently in general use iz 2 madified clozed-loop proporisnal control algorvithm bassd on the conveniicnal
closed-loop propodtional control algorithn, in which Mg and Eg, (makimum elestic workplane iluminanae),
are uscd to caloulate M (contcol =lope) for the determination of dimming level in daylight rexponsive dimming
systems Alhough the degradation of Eg, was solved using auto-calibration (sell-commissioning), varving My
with sky condiiions and fenestration conditions has not been solved.

Auto-calibration of the extent to which depradation of lamps or ballast arz degrading is important in achieving
system accuracy [3-6]. The artificial lighting illuminance on the workplane al masimum lighting output is
peneraify established at the design fevel, and the workpiane illuminance value with (he maximum electric
lighting power at night-time calibralion is wsed Lo determine M in the system control algoithm,

To maintein siable Afy in daylight vesponsive dimming systems, researchers have established an appropriale
photosensor configuration and position [ 7=12). Likewise, in order to Jeterming the appropriate Adn at daylime
calibration lor calculaling A in the system algorithm, appropriate calibraion times and sky condifions were
examined [3-14], and commissioning guidelines presenied [1]. Alhough Lhese suedics presenicd resuls
periaining 1o opimum gensor locations, sensop-shiclding designs, sensor aiming, and cplibration imes, the Afg
varies seeording to varying solar and fepesiration conditions, Choi and Mistrick (1998) eeommendsd Freguent
tmonthly) commissioning: however, this is difficult in practice because of the costs associaled with calibration
and the inconvenience caused looworking ocoupanms [15).

Direct sunlight iz responsible for ot loest two wnwanted effcets: {13 discomfort glare (o ocoupants, and (2}
inenzased cooling luads in a space due to the solar and thermal Ipads from the windows, To block direct sunlight
windows require shading. especially in high-rize buildinps with plass curtain walls. Roller shade systems and
venelian blinds are popular for this putpose, and awlomated systems of these kinds are widely used. Amomated
roller shade systems are gereally prefermed gver vengtian Dlinds in high-rise buildings becauss the forner
adjusts sasily o produce the epproprials sheding conditions, It should alse B noted that althowgh vemewian
blinds must be controlled according to their height and slat angle, roller shade systems can be easily conlrolled
based ot height only.

For daylight responsive dimming systeins 10 be abke 10 capitalize on the available daxlight, shading systems
sugh ws roller shades arc needed to block divect sunlight and introduce available daylight without causing a
discomfon glare Lo occupants. To illusirate, the building where The Mew Fork Fimes is heodquartered has hoth
daylight responsive dimming systems and aslemated roller shade systams installed [4, [6]; however, the



systems operate separately. Any change to the shading system condilions affects the daylight distribotion in a
space; thus, the resulling chanpe in the daylight disiribuion, like the varying My in daylight responsive dimming
systems, can impair 1he accuracy ol the daylight responsive dimming system. To improve the perfformance of
duxlight responsfye dimming systems as well as the artomated raller shade systorms, the two systems should be
integrated and provided with an improved control algorithm.

This study hypothesized that two factors alfect variation of Wy The hypothesis iz Lthat the variation of Mp is
slatistically influenced by vadations in sky cotdition and roller shade beight {imdependent varables: sky
condition and roller shade heighes; dependant variable: Mph, and the varving Afp can be predicied wsing the
independent variable.

To examine the hypothesis for this stdy, two solstice-to-solstice Field experiments were conducted in a fulls
scale mudel and a halfscale model of typically daylighted spaccs but in different locations, snd the Jdota Jor
workplane illuminares, photosensor signals, extenior horaontal ireadiance, and roller shaded heights werc
measured. The first cxperiment used the full-scale testbed to investigate varying &, snd if5 trend aceording fo
gky condition and roller shade height. The second experiment used the half-scale model in order 1o provide a
basis upen which to validale the results from the lirst experiment.

The goals of the work described herzin arc w integrale daylight responsive dimming Sysiems with awlomated
roller shade systoms, to present che conpeal algorithm used in this ingegrated systems, and to comparc the
integrated system performance to the single system performance, The Mp(ty (lime-dependent Mp) wes
characterized in lerm of roller shade heights and sky conditions at each of the dilferent roller shade heights. This
type of chamacterization can be inteprated into a control algorithon to predicn the vatying Afn(l), and automalsd
roller shade sysiems can be integrated with daylight responsive dimming systems as integrated sysiems.
Therelore, imczrated systems with a coniral algornthm were presented and cvaluated inthis specific case study.

3. Method

J.f Fest facility and comdiifons

The Windows Testhed Facility with three identizal t2st rooms was loeated at the Lawrence Berkeley Mational
Laborabory in Berkeley, California (lafitade 374N, longitude 122°) "W). Each of the three identical side-by=
side furnished test rooms was 3.05 m wide by 4.57 m deep by 5.35 m high and each hd 3 3.03 m wide by 3.35
m high window wall facing south, A single, interor, top-down roller shade (Bgh-gray basketweays, 3%
openness factor) was gyeled for S-mingte intervals, cocly with different roller shade heighe (& seeps: O, 0.2, 0.4,
0.6, 0.8, and 1 of roller shade height ratio; the conteolled rollet shade height Wy the meximum window height) in
2 test ravom_ Only the test room data among the three st rooos was nsed for this siudy.

Altbough the system was automatically dimmed duripg the monitorsd periced (or a parallel test objective, the
actual lighting, system was not significant. The cleeiric lighling valee on the workplane was extracted using the
derived quadratic fit between power use and electric lighting workplane illuminance Fom night-time measured
data, so that the analysis was only conducied on daylight illeminance. The 1Tt had 2 3.13 luy average KMSE
(Rool Mean Sguare Error) in 2 20- 100% dimming range.

The test rooms were monitored over a six-month, solstice-to-solstive period from Dovembier 21, 2007, W June
21, MEH. The illominance, photosensor vollage, and exterior horizontal jreadiance data were sampled snd
recorded at 1-min infervals over 2 24 h period using the LabView Malicnal Instruments datn acquisition Soliware.
The 12st room configuratinn The six wirkplane illaminance sensars al 0.76 m Facing toward the ceiling were
maniored wsing a colur- and cosi e-comecled silicone diode photometric sensoe {L1-21054, £1.5% o 750 s,

+0.15%% SC maximum}. However, only the average illuminance Mrom the four rear workplane sensors was

related 10 the pholosensor sipnal (Fig, L) this was becawse only these sensors were within the photosensor’s
direet ficld of view,

The PS-cail of a shistded pholosensor (Perkin Elmer VTS051 8, 0.02% 2Cr was placed al the south end of the
second light fixeuee, 2,73 m rom the window wall and flush with the bottom of she fixture, 2.54 m above the
finished floor, The PS-ceil had a 60° cone of view and was pointed downward, normal 1o the fioor, Tis view was
defined as a circular area on the floor winh o radius of 1.47 m.
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Fig. 1. Floor plan and section for the sensors” positions, and interior view of the test roem lor the full-scale
lestbed, Dimensions are given in melers,

An exterior horfzontal irmadiance sensor (L1-200SA, £1.0% to 3000W/m’, +£0.15%/C) was located on the roof
of the testhed. The data was used to calculate Ky {clearness index: the measured global horizontal solar radiation
o the caleulaied extra-terrestrinl horizontal rdiation) and f/fy (the ratio of diffuse to total iradiance) for
classification of sky conditions. A more detailed description of the experimental setup ean be found in the study
by Leeefal [17].

Tovverily the trends of the 1est results in this study, the dala wene monitored in a half scale mock-up test room at
Scjong University, Scoul, Korea (latitude 37°33"N, longitude 127°04'E) (Fig. 2). Each unfurnished test room
was 151 m wide by 287 m deep by 1L.37-1.64 m high {inclined roof) and had a 1.22 m wide by 1.29 m high
window Facing due south. Each room had o single window, which were simultaneously exposed to
approximately the same interdor and exterdor environment, A single. top-down, 3%-open, light-gray (both side)
basketweave fiberglassPYC fabric roller shade was installed in one of the three test rooms. The testbed Tacility
description and roller shade control method in detail are shown in the conference paper by Park and Choi [ 18],
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Fig, 2. Floor plan snd seetion for the sensors’ positions, and interior view of the test room for the half-scale
testhed. Dimensions are given in meters,

F.2 Analysix

Some of the monitored data were eliminated from the datasets used for analysis, Specifically, the following data
were eliminated: for 1-min dota before and afier the rolter shade height was changed, the datae afler sunset within
n 10 h pericd, 8:00 0.m.—18:00 p.m., and the data of the exceeded maximum photosensor signal (> 10 V),

The monitored data of cveled roller shade height in the foll-scale wesibed were analyzed 10 esiablish correlations
between varying Mplt) and roller shade heights and sky conditions. {0y ratio was used as a classification of
solar conditions, and this independent variable was used in the analysis of the varying My data,  The Jg/f ratio
was caleulated using the caleulated £y and £/ -versus-Ky correlation by Erbs er al. (1982), and the Ky values
were calculated using the medsured plobal horizontal solar radiation and the caleulated extra-terrestrial
horizontal radiation [19], The data for twenty=one duys over six-months were analyzed in this study (Table 1.



Table 1
Dalz of the monitorad data wsed for analysis

Jann Feby Mar Apt oy Jun Sum. ol Deys

T.& 7.8 749, 22 6, 21-23 10-12, 2327 10 |

?

4. Intezrated control algerithm with modified closed-toop proportienal control algerithm

In this study, the slope of the linear covelation between the photosensor sipnal end the average daylight
workplane illuminance, #p, was assumed o be adiustable Independent variable from e slops of the correlation
berween the plotosensor signal and the average electric lighting work plane illuminancs, A7, With conventional
conkrol systems, these tvo slopes are adjusted simultancously and are, thercfore, interdependent, thershy leading
to poor performance. o the study by Lee et al. {1998}, the two slopes were set independemily and A4, was varied
as a function of the venetian Blinds® slat angle for an automated peototypical venatian Blind-lighting conteol
system [1.

The concept of the modificd closed-loop propovtional contrel algorithm is W adjust the cleewic Eght Tevel as a
lingar function of the dilference beiween Syt (intal photosensor signal from daylight and electric light} and
Se(L) (eleciric component of St as given by:

8= M8, () =S +1, M <0 (N

The equation of 4f in the modified ¢lozed-loop proportional control algorthm can be denved with A1) a3 in
eq. 2, where t, is the single time of calibration;

AM {,-t] = _M 2
EJ."m

We assurmed than if the corre|ations of the varying Afgd) Lo the changed paratoeters (roller shade height and sky

conditions) are directly proportional, Afpil) can be predicied (rom at least twa daytime calibrations al low and

high conditions of (e changsd pammetors. 4 in the modiled dlosed-loop propontional control algorithm can b

continuously adjusied viz software 8s a funclion of the actual dsta of roller shade height and a £/4; ratio.

MpiL) can be chanped with Mpit) to predicl the varying AMfg, and Apll} can be madified with Newlon®s
interpalation formula Tor two calibrations, ds shown in eq. 3. 0 was assumed that the divided conditions af (e
rodler shade haight or the ffh ratie for the vwe calibrations would be expressed as (Y)Y and C{ig )

Mrn (": | } — MIJ {'[:2}

Mattr= (e ) - G,

(Cin-C N+ Mp(,) (3)

In this study, the pertormance of the inlegraled systems, each of which used one of the two improved closed-
laop proporlional conttol algorithms wsing these equations (1-3) one vzing only the raller shade height and the
nther using the [/ ratio al different voller shade heights, was evalualed to compare the modified closed-lonp
proportional contrel algorithm in day light responsive dimming syslems as a single sysiem,

X Rezulis
To illustrate how Adpdt) varies, ted pammeters — e roller shade height and the £3/f; ratio — were tracked on

March 22, 2008 (Fig. 3} The varying Mg Auctuated significantly according o the cycled roller shade height,
and Mg was also allected by changas i the &i¢fr rakio,
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Fig. 3. Trend resulting from varying Mp by roller shade height and fo/fy on March 22, 2008,
5.1 My vs. roller shade heighty

How Mpln varies with regaed 10 cach roller shade height as a linear relationship using the valid monitored data
was examingd, The varfation of Mgalt) with regard o roller shade hefght showed that the value of Mpli)
decreased proportionally for a roller shade height ratio form 0 to (0.4, and increased proportionally for a roller
shiade height mtio form (L4 to 1. The Myl data to roller shade height for the test period were divided into two
ranges, (04 and 0.4-1.0 ratios of the roller shade height, and derived as two separate linsar relationships,
where the R® values of the correlations were 0.583% and 0,5770, respectively (Fig. 4). The results indicate that
calibrations perlormed at O, 0.4, and 1.4 ratios ol the roller shade height can be considered. Although 58%
reliability is not high, the deviation of the predicted Afp(0 using these correlations will significantly decrease,
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¥ = 0740+ B85 R m 05830 (04 2 Ne 1)
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Hoder shade heghl ratio

B b dliald sag

Fig. 4. Lincar relationships of My to roller shade height in two separate ranges.
S2 My v LAl i the cyeled roller shide helphts

For gach given fixed roller shade height, My varies with the £ of sky conditions (Fig. 30 The d08 (1 =217. 7
< (005} at 0.0 of the ratio of the controlled roiler shade height to the maximum window height contributed to the
varying My however, the RE of the lincar fit niqﬂ.ﬂ of the ratio of the conirolled roller shade height o the
makimum window beight was also almost gero (R7=0.0095). So, the [ can be ignored ot 0.0 of the controlled
roller shade height, The R of the Tinear fit a1 0.2, 0.4, 0.6, 0.8, and 1.0 of the ratio of the controlled roller shade
height tir the maximum reller shade height were 0.2781, 0.6363, 0.48635, 0.3513, and (L2120 inp < L0,
respectively.
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Fig. 5, Linear relationships of M, to £/ at different roller shade heights {1 =overcast),

1

When direct sunlight penetrates into a space on the workplane, the roller shade should be down in order 10 block

dircet sunlight rom the workplane, Therefore, more than 0.6 ratio (60%) of the roller shade height should be
used without discomfort glare, such as in the overcast sky condition, Although the roller shade's main function
is 1o block direct sunlight, the automated roller shade system when integrated with a daylight responsive

dimming svstem should be comrolled 5o as o introduce svailable daylight without discomfort glare.



5.3 Impact of divect sunfioki on the correlaBon of varping Mot to LTt rade ar eack of the cpcled rofler
skade kelghts

Tex analyze the affecis of direct sunlight on the corretation of varyving Afp(() o the f/0{i) ratio at each of the
cycled reller shade heighis, the dataset was classified sccording 1o whether direct sunlight interfored or did nol
inkzrtere with the detection area of (he PS-ceil on the floor. A sen profile angle was wsed to caleylate the
penetration distance to the PS-ceil detection area.

The total data and two divided data were compared based on a linear relationship of Mg(t) o LD (Table 2),
The R? of the derived Fir of Mp{1) 10 {¢f7(t) was increased with a smatl gap when the interfering data o the F3-
ceil derection area were esvluded, Occupants tend 1 close roller shades when direct sunlight inlerferes with
their desks or when discomfort glare occurs. Therefore, w rendor reliable the lincar relationship of M) 1o
LAft) in the dwmproved closed-loop propontional control aystems, divect sonlight most be blocked withoul a
perimieler zong, and the roller shade height should b controlled withow interference by direct sunlight in the
detection area of the photosensor,

Table 2

Linear relationship of My to fy/4 at differenl roller shade heighls a5 expressed by the divided data with and
without interterance ot the PS-ceil detecting ares.

Rang of rofler shage herghl (eontrolled heighi mes am deghy

Ctads condilion SaListics

o O o4 oh i 1

Shipw =¥ ) 215 507 2571 =18 I k) 5%

Toial duta RZ 80103 0378 06363 4365 03511 02120

RMSE 12 66 g 53 Eid4 sol B2 7I7

5l A 57 28 3643 286 -IE 58 NENES

Phcal U”'“]‘:'ﬁ“ed ge 0 00 0I8IE 06747 D620 0 4683 03795
"a EMSE 12 65 o T 54 LY.L &Th 504

nterterad $lape - 54 -37 5% -27 65 23 A3

ol RZ - 00233 01 5624 0 3305 0 3450 o 2080

RMEE - FET] 1 3 2 51 994 207

5.4 Performance of the indegrated systems with enck improved closed-loop proporiicanl conrrol alporithm

The performance of the intepraed systems sach of which wsed one of the o improved clossd-loop
proportional contrgl algorithms - one osing only rofler shade hoight and the other using the £, ratio
dilterent roller shade heights — was evaluated (o compare the modified closed-loop proportional control
algorithm in daylight responzive dimming systems as a single systent. Firsily, only the roller shade height as an
independent varfable for pradiciing vacying A wis inbegrated inte the improved closed-loop propostional
control algorithm fir the integrated systems. In this case, the fffy ratio was ignored for the simple system with
no added component for the integrated systems. To consider the ) ratio for the integrated systoms, &
horizonlal global exierior irradiance sensor should be usad to calculate the £/ ralio, and 1his added component
increnses jhe initial costs. Secondy, the fA vatio at differemt poller shade heights as an independent varizble for
predicting varying Mp was integeated inte the improved closed-loop proportional control algorithm o improve
system acouracy. Alhough the sscond improved closed-loop proportional control system could be further
improved by diverse and frequent calibrations, the inttizl cost of doing so would increase becanse the latier
would enail measuring the exierior global imadiance on the horizontal surface,

The integrated =yslems, each of which used one of the improved closed-loop proportional control algorithms,
wiere coonpared wilth the davliph responsive dimming systems, which wsed the current closed-loop proporilonal
cantrol algorithin {modified closed-{oop proporicnal conrol algorithm} using monitered data for the 8:00 am.—
18000 pen, period over 21 duys. The imbegrated systems were separated based on two conditions; refler shade
height and the fyff ratie a1 different roller shade heights, The ¢lectric component of the workplane illuminancs
was calculated from the 5 determined by W in each control algovithm, and added to the measured daylight
com ponent in ovder to denive the wtal workplane (Mominamce,

To calculae M For the current daylight responsive dimming systems, o single Jdaytime-calibration is generally
perfermed when the sky condilion is not partly cloudy and there is no direct sunlight in the room [1]. In this
sundy, rmuli-calibraton was adopied to caleulate 8 for the B imlepraced sysiems. For (he inlegrated systems
with the improved closed-loop propoctional control algorithm using only the roller shade height. three
calibeations o 0, 0.4, and 1 of the ratio of the controlled roller shaded beight toe i maxioum (or each linear
relationship O -0.4 and G.d-1 of the ratic were adopied. For the integratcd systems, with the improved closed-



hrop proportfonz! control eleorithm esing (he £/fr mtio &t different coller shude heighes, 4 single culibratfon at 0
of the raller shade height ratio was adopted, and cach of the two calibrations al 0.2, 0.4, .6, 0.8, and b0 of the
ralio was adopted. Each of the roller shade heights for the calibrations was a representative value For each of the
roller shade height renge. Each calibration datasel was eollected at around [S:00 PM on April 21 and 22, 2006,
andl the conditions and conditional £xpressions are shown in Table 3,

Table 3
Conditions al calibvations for each of the coatol algorthens and the dedved functions of M and 8.

Condiens at Calibranson
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The perfomance of cach of the system algotithms was evaluated and then compared using the monitored dala
(Table 43, The integrated systems wilh either of the improved closed-loop proportionsl contrel algorithins
achieved a sysiem performance had was more accurate (han (al of Ihe single system with the modifisd closad-
o propartional contrel algorithm. The averape mainenance percenlages of the targel illuninance Ffor the
single daylight responsive dimming svstems, the integrated systoms using only roller shade height, and the



integraled systems wsing the fy//7 ratic at different roller shade heights were around 97.1, 982, and O8 7%,
respectively, and their avergpe discrepancies were 30023 (£42.40) lux, 2B.59 (£36.86) lux, and 24.94 (£37.07)
lux, respectively, The values of the sndard deviation on the derived average discrepancies wers larger than the
averags valucs, The dissrepancics were highly skewed when roller shade height chenged {o.g cspocially rom
04 to 0.6 ratis of roller shade height). Althouph the averape mainlenance percentages did not increase
sighificantly, ihe average discrepancies and the everage ermor lime (min) under 90% of targel illuminance per
day as an inadequaie value decreased significantly in the bith inlegrated systems.

Table 4

Comparisan of the control algorithms based on the average difference beétween the predicted and measured
workplane ifumiaance, the mainlenance percentage of larpet ilumirance, and the gverage time under 9% aof
Largeel [Numinanes throughom g day (8 0018000,

. mpeoved clasad-log proportional Improved closed-loop prapoeanal
Mucdfied closed-top progonional wilh sedler slede Hu with ftfr an dilFerent wedler shade
Fletng
b in 51 Dy hMean 51 Deev hean 51 Dav
Thllierence | luk) LILIFE) 42 4p 28 52 Sy BS FEE ITur
biasmenance (%4} ¥7 o 7% Q8 Fx ikl uE ¥l 513
Limder B4 larpet
LTI e 85 33 bkl Mh 3035 1295 1274
fmir'day]

L5 Cause of Inadequate M In eocl improved closed=foop proporfional controf afgorithm

[nsufficient data under W4 of the warvget illuminance were collected to cxamine cauzes of inadequate workplane
illuratanee in the integrated systems with the improved closed-loop propoctional control algorthm, The data
wire amdlyzed based on rollér shade height, f,/f7 ratio, sclar position, snd penetration of the photosensor
detecling area, The day with the most errars in each month was selected as Ihe basis on which to determing the
cauzeys of emors (Fig. €},

Interference by direct sunlight in the MS-ceil detecting area was not the main cause of the erors; only 16.5% of
todal errots in one integrated system and 11E4% in the clher were affectad by direct senlight {data nol shown).
There wete some pattetns of high-frequency for roller shade height, £fr ratio, and solar position, with both
inegrated systems showing similar results {Fig. 6). Except o the June 10 data, (e frequency was high at
wround @ 0.4 ratic (40%40) of the comrolled roller shece height 1o its maximuom height and the fy/fy ratio was also
high. The errots in the integrated systems wsing only roller shade height primatiiy occurted under -45° and over
45 of azhryeh with bow adeitede Tn Jameary, Febeirary, ard March; the errors, however, sceurrsd widely at from -
90" Lo 907 of azimuth alfter March. However, the emors in the integrated systems using Lhe £/t rtin at different
roller shade heights decreased signiicantly betwveen -457 and 45 of aziniuch aner March,
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Fig. 6. Distribution of errars based on L/ ratio, roller shade height, and solar positions.

5.6 Verlfication of the resulis using exira test

To compare the full-scale testbed and the half~scale testbed results; the fifteen-day data collected during the
solstice-to-solstice test period were included in the dataset for analvsis. In the dataset, the controlled roller shade
height was varied from & to around (1.3 of the ratio (the controfled roller shade hefght to its maximum height)
throughout the course of a doy, This condition can be compared with the result from the full-scale wsthed in Fig,
4, which is a correlation of varying Mp to roller shade height under 0.4 of the roller shade height ratio.

T examing whether the comrelation of the varying My to roller shade height is different, the correlation ol Mp(1)
to the comtrolled roller shade height from the data monitored in the half=scale testbed was derived and given in
Fig. 7. such os in Fig. 4, Unlike the results from the full-scale testbed, this My trend gradually increased, The
dataset was divided based on .13 of the roller shade height, as (1) the trend af the varyving My to the increased
roller shade height at 0-0.13 of roller shade height is flat, and then (2) the trend of 0.03-0:32 gradually
increased. This seems to be the wming point. as (.4 of the roller shade height (Fig. 4) sceurred at around 0.1 of

the roller shade heigh,
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Fig. 7. Linear relationship of My to roller shade height in half-scale mock-up.

I examine how different photosensor location and configuration affeet the trend of varying My 1o roller shade
height, computer simulations vsing RADIANCE 3.8 for Linux were conducted based on the same location and
different photosensor conditions. The simulation resulls were compared to the resulls of the full-scale testhed
and half-scale testhed,

The conditions of test room size, interior surface reflectances, window transmittance, 607 photosensor, and
shade material were identical to those of the full-scale wsibed. And, the conditions of the full-scale westbed
[ocation and the 180" photosensor were identical to those of the half-scale testbed. The simulation conditions are
shown in Table 5 and Fig. 8. For reference, the computed Ry and Ty for this RADIANCE simulation were
calculated using their RGE reflectance or transmittance.

Table 5
Test room conditions on the location, size, roller shade, interior surface reflectance, and window transimittance
for computer simulation,

Locatson Lavrude 37°33°M, longitude 12704'E; Seoul
Test roam size 105 m wide by 4 57 m doep by 3.35 mugh
Roller shode %% openness Tnctor, Gostep roller shade héight for 0.2 mderval
Interior surfirce refleciance (By) Ceiling (0 86), wall (CEF), foor (0018}

Window transmmittones {Ty) .42
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Condueted with a variety of roller shade heights under diverse sky conditions (+s, -5, -i, and —¢ for "Gensky™ of
RADIANCE 3.8 for Linux), the hourly computer simulations ook place 9:00 o.m— 1800 p.m. on Dec 21, Mar
21, and Jun 21, Firstly, the trend of the varving Mg 1o roller shade height under the various sky conditions on the
180° photosensor located in the middle of the ceiling surface was derived, as shown in Fig. 9. Secondly, the
trend on the 6F photosensor located 2,54 m above the finished Noor was derived, as shown in Fig, 10,

Fig. % shows that the turning point occurced at (0,1 of the roller shade height. This result can be coimpared with
the results of Fig, 7 for the half-scale testbed, which shows that the full-scale and half-scale wesibeds evinced a
similar turning point with regard o the correlation of Wy to roller shade height,
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Fig. 9. Lincar relationship of Ap to roller shade height on the 1807 photosensor,

The trénd of the 60° photosensar (Fig. 10 shows that the lowest value in correlating My to roller shade height
oceurred at 0.3 of the roller shade height, This resull can be compared with those for the full-scale estbed (Fig,
4 the full-scale and half-scale testheds showed a similar turning point in correlating A, to roller shade height,
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Fig, 10, Linear relationship of My to roller shade hr::lghl on the ¢ photosensor,

Therefore, the correlation of A, to roller shade height shows a trend expressed as & “V" line. To use the
improved control algorithm Tor the integraled svstems, the corfelation of the varying My to roller shade height
should be separated in two ranges in order to achieve a lincar relationship. The lurming point, critical for
elividing the two roller shade height ranges, is signilicantly affected by both the configuration and the position ol
the photasensor.

6. Discussion

When valid Mp data were separated al a (.4 ratio of the raller shade height, the varying Mpll) was shown as
hiwving o linear relationship, The roller shade height was eycled at 0.2 ratio intervals of the controlled height to
maximum height, The 0.4 ratio of the roller shade height as a urning point from the results of full-scale testbed
could be changed more or less than 0.4 ratio when the roller shade was cyeled at intérvals of less than a 0.2 eatio
of the roller shade height.

The reliability of PS-ceil is deercased when divect sunlight interlered in the PS-ceil detecting gren, The
relinbility of the derived linear fit of [y w0 the varying My on the PS-ceil improved when the interfered data
were excluded. Therelfore, 1o improve the accuracy of the integrated systems, which can control roller shade
height for available davlight in a space as well as artificial lighting output for energy savings, direct sunlight into
the photosensor-detecting area should be blocked using roller shade syatem for the reliability of PS-ceil. The
photesensor detecting area should be determined with the permitted distance of direct sunlight from window,
such as 1.25 m in Fig. 3, because the direet sunlight can lead discomfort glare as well as electric lighting energy
savings.

The performance of the integrated systems with the two improved closed-loop proportional control alporithms
was evaluated. This performance was compored with that of the daylight responsive dimming systems with the
modificd closed-loop proportional control algorithm, that is, the elgerithm that is currently in general use.
Although the modified closed-loop proporticnal control algorithm uses the fixed W, the improved closed-loop
proportional control algorithm uses the changed A Lo respond to varying roller shade heights and I8 ratios.
The perlformance comparison showed that the average maintenance percent 10 1he target illumingnce for both the
improved closed-loop proportional control algorithms was slightly higher than that of the modified closed-loop
proportional control algorithm, but the average error time under 90% of the target illuminance significantly
decreased For the Tormer. As in actual applications, the minimum number of calibrations was assumed 1o
evaluate the performanee of the improved closed-loop proportional eontrol algorithm. It ean be assumed that the
more sephisticated calibration (more than two calibrations) in each subdivided condition is likely 1o achieve
further performance improvements,

Inadequate workplane Hluminance errors in the improved closed-loop proportional control alzgarithm occurred
frequently when the sun leaned o the east and west on the plane: these errors also occurred frequently when the
Ftly ratio was high. It can be assumed that iF direct sunlight were controlled in the azimuth so as to be redirected



through a window o a space less than 45 (absalute walwe) of the sun's azimuth angle using an exterior
shading system, such as & vertical shade, then the number of rors would decrease.

To validatc the tosult from full-scale testbed, the dataser monitored in the halFscale lestbed was anel yzed based
oft the cottelation of My te the roller shade heighl [n this analysis, the tarning point of 0.4 roller shade beight
ratin in Fig. 4 shifted toward a lower redler shade height of around 0.1 toller shade height ratio, The computer
simulation resulls vadidated the correlaion trend of the Mo to the roller shade height Tor the full- and halfscale
tesibeds. N was found that the pholosensor confipuration and position affect the wrning peint level ol the
corrglation of the Afy o the roller shade height Therefows, the improved control algorithm for the intcprated
svatems can be adepted in a space with sutomated roller shade systems and daylight msponsive dimming

Systams.
To Cume Jus ioms

The fixed My to calculate Af is used in current control algorithin of daylight responsive dimming sysiéms, and
this causes inpdequate workplane lluminatee due W the wadalion of My across o dey. 1o render the
performance of daylight responsive dimming zystem mire accurate, a field-west was conducted for this study,

To integraie automated roller shade systems and daylighy vesponsive dimming systems, the cffools of roller
shade height and [0 ralio on My were investigated using the data obtaived from the test room with cyeled
toller shade heights {6 steps for a 3-min interval). Varying Mp was adopted into the control algorithm for
integrated systerns when the lormer was dirgclly proporional to independent variablex such as rollar shade
height and fpf7 ratio at each different roller shade heighe.

The integrated system performance was relatively compared to the single system performance in this study. To
compare the o improved clsed-loop proportional coateal algorvithms for the intepraled systems and the
cument closed-loop control algorithm for daylight responsive dimming systems as 4 single system, thres
monitored dada, the averege mainenance percentage, the average oi screpancies, and the average time under 90%
based on (he target illuminange, were calculaled and compared [or cach algenthm. Bolth improved closed-loop
praporticnal sontral algorithms for sach of the integrated systems were sighificantly improved when compared
iy Lhe cumrand closed-loop proportienal conlecl algorithm,

To improve the performance accuracy of daylight responsive dimming systems, information regarding roller
shade height should be included in the control seliware for the imprevement of e closed-loop proponicnal
control algorithm, Through an integration of software of daylight rcaponsive dimming systems and automated
rorller shade swstems, the improved closed-loap preportianal control algorithm could be nsed in conventicnal
daylight responsive dimming systems with no added components. However, alse needed are inlegrated syslems
with the improved clozed-loop proportional contrel alporithm wsing the fffy ratio for different roller shade
heights Lhat would include an additional component. That is, an exierion global iradiance sensor 1S required o
calculate the Ffyify rabio. Alhough the addition of an iradiance sensor w this inegrated system means that the
initial costs arc higher, the sysicm accuracy is significantly improved based on this study. Thersfors, the
improved system aceursey could be instrumental inoaccelerating markel adoption of daylight rezponsive
dimming systems.
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