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ABSTRACT

The ability of daylight-following lighting systems to provide a minimum specified light
level at the task surface is influenced by 1) the control algorithm used, 2) the spatial
response of the ceiling-mounted control photosensor and 3) the location of the photosensor
reladve to task and window. Best performance was obtained with a closed-loop
proportional control system controlled by a photosensor, with a large field of view but
shielded from direct light from the window. A minimum specified illuminance level could
be maintained at specific points on the task surface regardless of daylight condition or room
geometry provided that the system gain was properly calibrated to account for the local
luminous environment. '

Open-loop proportional control also performed adequately but offered less precise control
than closed-loop systems due to the necessity of using a photosensor that was not shielded
from direct window light. Integral-reset systems that were tested performed poorly, but
performance could be improved slightly by completely shielding the photocell from direct
window light. :
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Section 1
INTRODUCTION

Many utilides in the United States have begun to look at daylighting as a means to reduce
daytime peak lighting energy demand. Since daylight availability coincides with peak
demand times for many utilides, it is logical to shift part of the lighting requirement from
electricity to daylighting. For daylight to efficiently contribute to the design light level at the
task, the electric lighting system should be "daylight following," that is, photo-electrically
controlled to respond (dim) in proportion to the amount of available daylight. The location
and spatial sensitivity of the photosensor, which controls the electric lighting system, must
be chosen so that the photosensor's output is a simple function of the illumination at the
task surfaces in the building space. Furthermore, the control system's algorithm, which
relates the photosensor signal to the output of the electric lights, should properly account
for the location of the control photosensor relative to the task and the sources of
illumination within the controlled space. If these criteria are not met, the illumination at the
task will deviate significantly from the design level and the occupants may respond
negatively, especially if the light level provided is lower than the design level.

This report presents an analysis of how the control algorithm and the photosensor's
location and spatial response affect the ability of a daylight-following lighting system to
maintain a minimum specified light level at the task by responding to changes in daylight
levels. We discuss our objectives for the control system in Section 2 and design
considerations for daylight-following systems in Section 3. In Section 4 we describe the
scale model developed at Lawrence Berkeley Laboratory (LBL) to measure, under real
skies, the relationship between daylight on the task and daylight falling on various ceiling-
mounted control photosensors. In section 5 we discuss data collection and analysis. We
present and then discuss the experimental results from the scale model in Section 6 and 7,
respectively. We present preliminary design guidelines in Section 8 and our
recommendations and conclusions in Section 9.

BACKGROUND

Although the technology for daylight-following lighting systems has been available for
over two decades, there are very few installations in buildings that have been instrumented
and monitored well enough for an unbiased evaluation of the performance of the dimming
systems. '

A study conducted by V.H.C. Crisp at the British Research Station Reference 1 concluded
that more research was required to identify a photosensor configuration that would maintain
a constant relationship between workplane illuminance and the illuminance on the
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photosensor. Crisp did not examine how well existing systems maintain design light levels,
but did note that most energy analysis calculations are based on the assumption that the
lighting control system actually does provide the design light level under different
daylighting conditions.

Unpublished results from lighting controls demonstrations at the Pacific Gas and Electric
Company building in San Francisco and the P.S.E.G. building in New Jersey suggested
that total light levels (i.e., daylight plus supplied electric light) at workplane level were
generally below the design light level under most daylight conditions. Furthermore, a
follow-on study at the Pacific Gas and Electric building Reference 2 indicated that a lighting
control system designed to maintain a constant amount of light on a ceiling-mounted
photocell will generally supply less than the target light level in most daylighting
applications.
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Secton 2

DESIGN OBJECTIVES FOR DAYLIGHT-FOLLOWING LIGHTING SYSTEMS

To analyze the performance of daylight-following systems, it is first necessary to identify
the objectives for the control system. In nondaylighted spaces, one important objective for
the electric lighting system is to provide and maintain a task illuminance level appropriate to
the work being performed. Task illuminance is a measure of how much light falls
perpendicular to the task surface; it is expressed in SI units as lux (lumens/m2) or as
footcandles (lumens/ft2) in English units. In typical office environments, for example, the
Muminating Engineering Society of North America (ESNA) recommends task illuminance
levels of 500 to 750 lux, or 50 to 75 footcandles (fc) depending on the age of the workers
and the difficulty of the task Reference 3.

Maintaining a prescribed illuminance level at the task is a more difficult objective to achieve
for a space that is illuminated by daylight as well as electric light because daylight varies
contnually both in time and across the space. Furthermore, maintaining a light level exactly
equal 1o the design level may be a physical impossibility since, in some spaces, daylight
alone may be sufficient to significantly exceed the design light level at certain times. These
sawurating daylight conditions will exceed the control range of even an “ideal” daylight-
following system and the lighting system would simply provide some minimum light
output (possibly zero). Rigorously stated, the objective of a daylight-following system
should be to provide a total light level at specified points on the task surface equal to or
exceeding the target design level while minimizing electric lighting use. If the system
supplies insufficient electric light, productivity may suffer. On the other hand, if too much
electric light is supplied, more energy is used for electric lighting than is necessary to
achieve the control objective.



Section 3

DESIGN CONSIDERATIONS FOR DAYLIGHT-FOLLOWING LIGHTING SYSTEMS

A lighting control system that is designed to follow changes in daylight consists of three
basic components:

1) A control photosensor that generates an electrical signal proportional to the
amount of light impinging on its surface.

2) A controller that incorporates an algorithm to process the signal from the
photosensor and convert it to a signal that controls the dimming unit.

3) A dimming unit that smoothly varies the light output of the electric lights by
altering the amount of power flowing to the lamps.

Although the dimmer actually modulates light output, its influence on the control system
objectives is insignificant compared to the photosensor and the controller, and we focus on
the design characteristics of the photosensor and controller.

CONTROL PHOTOSENSOR

The control photosensor typically consists of a silicon photodiode in a housing that
selectively shields the photodiode from light from one or more different directions. A color-
correcting photopic filter makes the control photosensor evaluate the spectral content of the
measured light as the human eye would. To ensure that the signal generated by the sensor
is proportional to the light impinging on its surface, the photodiode is connected to a
transimpedance operational amplifier, which produces an output voltage, S(t), that is
proportional over a large range to the light falling on the photodiode.

CONSTRAINTS ON PHOTOSENSOR PLACEMENT

Since the control objective is to provide an illuminance level at the task equal to the target
design level, it would seem that the best location for the control photosensor is on the task
surface. There are two serious drawbacks to such a solution. First, a control photosensor
located near the task surface will be affected by shadows of objects (and people) at the
workplane. Second, it is difficult to electrically integrate a workplane photosensor with the
lighting control system.. For these reasons, manufacturers design control photosensors for
placement in the ceiling of the controlled space; inside the window wall pointing outward
horizontally; or outside the building envelope (usually aimed horizontally).



Most photosensors incorporate some diffusing material in front of the light-sensiave
element that causes the photocell to be sensitive to incoming light within a fairly large solid
angle. This reduces the possibility of the photocell overreacting to a very localized
brightness such as might occur with a specular reflection from a shiny surface.

DESIGN AND APPLICATION CONSTRAINTS

There are a number of factors that further constrain the design and application of ‘photo-
electric control systems. The most important of these are:

1. To keep wiring and materials cost to a minimum, a minimal number of
photocells should be used per control zone.

2. The system should be simple to use, calibrate and adjust after installation.

The first constraint is essentially an economic one. Dimming photoelectric control systems
are relatdvely expensive (typically $0.50 - $1.50/sq. ft.) even if only one photocell is used
for each control zone. Each additonal photocell adds considerably to the wiring costs and
should therefore be avoided unless significant performance improvements can be
demonstated. The second constraint is primarily operational. Dimming photoelectric
controls are generally perceived by building managers as being complex to operate, at least
compared to convendonal (i.e., nondimming) systems. Since the perceived complexity of
photoelectric contrqls may reduce their appeal for end-users, the calibraton procedure
(which must be dofe for any photoelectric control system during building commissioning)
should be designed to be performed by relatively untrained personnel and should not
require frequent recalibration and adjustment.

Because of the above considerations, we restricted our investigation to systems that use
only one control photosensor per control zone (constraint 1). Furthermore, we only
examined systems that have a linear relatdonship between photosensor input and electric
light output as discussed below. Since two points make a line, a linearly responding control
system requires no more than two calibrations to completely determine its operation. As
shown in the following section, some linearly responding systems require only one
calibration depending on the circuit design parameters; others require two.

CONTROLLER AND CONTROL ALGORITHMS

The controller adjusts the output of the dimmer and thus the electric light level using an
algorithm formulated to process the photosensor signal in a particular manner. The control
algorithm determines the specific form of the transfer function that relates the controller
input (i.e., photosensor signal) to its output (i.e., electric light level). This algorithm is thus
critical to achieving the control system objectives discussed in the previous section.
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This report discusses photoelectric control systems that dim linearly with respect to a
change in measured photosensor signal. Although it is quite possible to design systems that
do not dim linearly (for example, a logarithmic or quadratic response can, in principle, be
implemented), they are far more difficult to characterize and are beyond the scope of this
report. Linearly-responding systems can use three types of control algorithms: 1) integral
reset (I); 2) closed-loop proportional (P); and 3) open-loop proportional (OL). Integral reset
and closed-loop proportional control are classified as closed-loop systems because the
output (electric light) is fed back to the controller via the photosensor Reference 4. Closed-
loop systems, therefore, use a control photosensor that, by virtue of its location and spatial
response, is susceptible to the electric light that it controls. With open-leop control, the
output is not intended to be fed back to the controller, and the control photosensor is
located either entrely outside the controlled space or shielded from the controlled electric
light.

Closed-loop and open-loop systems are used for many control applications. Open-loop
systems are generally not as accurate as closed-loop systems because they do not contain
error-detecting circuitry that actuates the system when the output does not equal the input.
However, the analysis and operation of the open-loop system is simpler than closed-loop
control. Furthermore, because the output of an open-loop system is not used as input for
the controller, open-loop systems are not susceptible to oscillations that can mar the
performance of improperly designed closed-loop systems.

Below, we derive equations for each control algorithm that express the total light level at
the task as a function of the daylight component of the photosensor signal and daylight on
the task. These equations are used in the three simulation programs discussed in Section 5
for computing the total illuminance at the workplane for the different control algorithms.
Figures 3-2, 3-3, and 3-4 are generic circuit diagrams for the algorithms.

NOMENCLATURE

The nomenclature is defined as follows:
ST(t) = signal produced by photosensor (time-dependent).

Sp(t) = daylight component of S(t).

Sg(t) = electric light component of S(t).
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d = fractional output of electric lights (Smin <3 < 1). Full light output § = 1, minimum
lightoutput §=3_. .
Igm = task illuminance level for § = 1 without daylight.
Sgm = signal produced by photosensor for 3 = 1 without daylight.
I1(t) = total light at task (time-dependent).
Ip(t) =daylight at task (dme-dependent).
Ig(t) = electric light at task.
Ir(V), Ip(t), and Ig(t) as defined above refer to the particular point or points on the

workplane where the design objective is to be satisfied.

Since the illumination at the task and at the photosensor at any time t is simply the sum of
the respective daylight and electric light components, we can write:

ST(t) = SD(t) + SE(t) | (Eq. 1)
and
I_r(t) = ID(t) + IE(t) | (Eq. 2)

If we assume that the electric lighting is controlled so that all the lights within the controlled
space dim uniformly then we can make two important simplifications:

S, (=808 _ | (Eq. 3)

L =80 (Eq. 4)

The above equations may be interpreted to mean that the luminance distribution from
electric light remains constant regardless of the actual dimming level 8(t). Note that these
equations would not be true in a room where the electric lights nearer the window could,
for example, dim more than the lights at the back of the room. Such lighting systems
require a more sophisticated mathematical treatment than that presented here.
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Photosensor signal output

—> S, =8, +8S,

LWL

Ig

Illumination at
point P:

IT=ID+IE

Figure 3-1. Cross section of daylit room showing window and photosensor

If the photosensor is located inside the controlled space, as shown in Figure 3-1, and is to
be susceptible to the electric light that it controls, then the integral-reset or closed-loop
proportional control algorithms would be used. If, on the other hand, the photosensor is
outside the controlled space (or inside but shielded from electric light) so that it can detect
only daylight, then the system would use the open-loop proportional control algorithm.

The three following sections contain derivations of the governing equations for the three
algorithms. First, the algorithm is defined in terms of its corresponding control circuit. This
is equivalent to specifying an output-level funcdon. This function is then used to obtain
equations for the workplane illuminance in termas of ime-dependent daylight
conditions.These equations are the mathematical basis of simulation programs we use to
predict control system response based on the daylight information collected from the scale
model.

Inte -Reset Svst

An integral-reset system continually adjusts the light output, 8, to keep the photosensor
signal, S(t), at a preset reference level. Figure 3-2 shows a simplified integral-reset
control circuit. The control photosensor output is fed into the summing node of a simple
operational amplifier integrator circuit Reference 5. If the lighting system is to provide full
light output at night, which is usually the case, the control circuit is calibrated at night with
the electric lights at full power and the setpoint adjusted until the photosensor input
generated under these conditions (Sgm) is appropriately nulled. Increasing daylight in the
space (and on the photosensor) will drive the inverting input high, causing the op-amp
output to drop
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at a rate determined by the circuit capacitances and resistances. This in turn causes the
electric lights to dim, reducing the photosensor output and the potential at the inverting
input undl it once again matches the setpoint level. The circuit shown has effectively infinite
DC gain.

cP
Photo- AMP (to controiler)
sensor ’ + . Vaur
<4
Night Setpoint -

l Adjustment

Figure 3-2. Generic circuit diagram of integral reset control

Assuming it is calibrated at night as described above, an integral-reset system operating in
its dynamic range is defined by the following expression:

S ®=S$ (Eq. 5)

Em

Applying Egs. 1 and 3 to Eq. 5, one can solve for § in terms of the independent variable
Sp():

Sp®

d=1 S

0<S,®<(1-8_) Sg,, (Eq. 6)
Em

Eq. 6 describes the dependence of & on Spy(t) for an integral-reset system operating in its
dynamic range. For Sp(t) larger than (1-8,;5)Sgm, the system will provide minimum light
output: '

3=90 . SD(t)>(1-5min)S

mn

Em (Eq. 7)

If Sp(t) is in the range covered by Eq. 7, then the system is no longer in its operating

range. Substituting Eqs. 2 and 4 into Egs. 6 and 7, one can solve for the total illuminance
at the workplane in terms of Ip(t) and Sp(t):
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SA(
Lo =IO+ (1- ?DE:) 0<SyM<(1-8_)S,_ (Eq. 8)

LO=I0+ smI S, >(1- 8min)SEm (Eq. 9)

Em

n-L ional Control

Open-loop proportional control is defined as a system for which the light output is a linear
functon of the photosensor signal:

§=MS (1) +1 (Eq. 10)

A simplified circuit diagram for the open-loop system is shown in Figure 3-3. The control
photosensor output is fed into the summing node of a negative-feedback, variable-gain
operadonal amplifier. This circuit is designed assuming that a zero signal on the inverting
input corresponds to full light output. Using a photosensor that is insensitive to electric

light ensures that Sgp, = 0 as required. The gain of the amplifier is adjusted by varying the
value of the feedback resistor (equivalent to changing M in Eq. 3-10) under appropriate
daylight conditions. Calibrating the system during the day allows the user to tailor the
system's gain to prevailing daylight and room conditions.

Scale Factor
Adjustment
T oer
Photo- AMP (to controller)
sensor + Vaur

<4

Figure 3-3. Generic circuit of open-loop proportional control



Applying Egs. 1 and 3 to Eq. 10 and solving for , one obtains:

M S(0) + 1 Brun1-MSg ) 1
= —_— <
T-MS__ 0=S,m= T (Eq. 11)
and
5 . (1-MS;)-1
5=3_._ < Sp(0) > - (Eq. 12)

Assuming that the system is calibrated so that the total light level provided at the task
matches the design level at the time of calibration, t;, we can solve for the system gain M in
terms of the prevailing daylight conditions. Substituting Eq. 3 into:

L) = I, =10) +1.(t)
and using Eq.11 yields:

M= ID(tc)
Ip(t) Sgr - T SEm - Tem Sp®)

(Eq. 13)

The photosensor for an open-loop system must be much more sensitive to daylight than
electric light. Consequently, the first two terms in the denominator in Eq.13 are much
smaller than the third term and, to first order, the system gain M is proportional to the ratio
In(te)/Sp(te).

To obtain expressions for total illuminance at the workplane for open-loop systems, Egs.
11 and 12 are used with Egs. 2 and 4 to obtain:

MS,® +1 8 . (1-MS;)-1
8 (1-MS_)-1
LO=I0+8 T Sy > - (Eq. 15)



Closed-Loop Proportional Control

A closed-loop proportional control system adjusts the electric light level so that 3(t) is a
linear function of the difference between St(t) and Sgy,:

d=M(Sp(t)-Sg ) +1 (Eq. 16)

A simplified circuit diagram for the closed-loop proportional control system is given in
Figure 3-4. This circuit is similar to the open-loop circuit in that the control photosensor
output is fed into the summing node of a negatve-feedback, variable-gain operational
amplifier. However, unlike the OLC circuit, which permits adjustment only of the system
gain, the closed-loop proportional control circuit permits adjustments of both system gain
and the offset on the noninverting input. During daytime operation, the output from the
control photosensor drives the inverting input high. The op amp will produce whatever
output is required to keep the potential at the inverting input equal to the potential at the
non-inverting input. The relative change in op amp output for a given change in
photosensor input is governed by the values of the feedback resistor (and other circuit
resistances).

| .
11
X
Scale Factor
Adjustment
' T oor
Photo- AMP {to controiler)
sensor + Vwr
<+
Night Setpoint -

l Adjustment

Figure 3-4. Generic circuit of closed-loop proportional control

Closed-loop proportional control is similar to open-loop proportional control except that the
former permits adjustment of both the system gain (M) and the nighttime offset level
(Sgm)- To express 8 as a function of the independent parameter Sp(t), we substitute Egs.

1 and 2 into Eq. 16. Rearranging and solving for § yields:



1+M (Sy(1)-S
- T-MS__

) d (1-MS_ )-1
Em min Em
OgSD(t)s M

+S;. (Eq.17)

When Spy(t) exceeds the range given in Eq. 17, § is simply given by:

d . (1-MS -1
min Em) +S

'8 = Smin S, >
As in the open-loop control case, the value of M in the above expressions is determined by
calibrating the response of the lighting system during the day. Assuming that the lighting is
calibrated so that at the time of calibration, tc, the design level Igm is obtained at the task,
one can solve for M in terms of the daylight conditions obtained at t; using Egs. 2 and 4
with Eq. 17:

In(t)

M= (Eq. 19)
Ip(t) Sg, - I, Spt)

Finally, to obtain the total illuminance at the workplane for the closed-loop proportional
control system, we use Egs. 2 and 4 with Eqgs. 17 and 18 to obtain:

1+ M (SD(t) - SEm) Smm(l -M SEm) -1
Ll.(t) = ID(t) + IE]m T S}zm 0< SD(t) < M + SEm (Eq. 20)
and:
Smin(l -M SEm) -1
I.r(t) = ID(t) + IEm Smm SD(t) > v + SEm (Eq. 21)

Egs. 8, 14, and 20 express the total workplane illuminance as a function of Sp(t) and Ip(t)
for the integral reset, open- and closed-loop proportional control algorithms, respectively.
Armed with these expressions, we can now calculate what proportionality constant relates
Ip(t) to Sp(t) asswmning the daylighting control objective is acheived. This is done by
setting IT(t) equal to the design light level (Igm) in Eqs. 8, 14, and 20 and solving for
Ip(t)/Sp(t). '
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Table 3-1 summarizes the preceding analysis by presenting, for each algorithm, the
algorithm's transfer function, an expression for task illuminance as a funcdon of the
daylight component of the photosensor signal, and the proportionality constant that must
relate Ip(t) to Sp(t) if the particular algorithm is to achieve the daylighting control objective.

Table 3-1. Operational equations for dnfferent
control algorithms

: Transfer Task Conditional
Control Algorithm Function Dluminance Expression
t I
Integral Reset  S{(0 =Sg, KO =10 +I g (1 -3‘2) -%37 LSE
Open-Loop +MSH Int) _ Ipntay) ,Sg, =0
Proportional ~ 0=MSy(d +1 hO =150 ‘&n—rﬁr S0 SFw)
Closed-Loop MISH{0-Sg) I Ity

Proportional 6= M(Sq(t)-SE,,)+l {0 ID(t)+IEn —ITNTS_ 3 - §._._

From the conditional expressions given in the Table 3-1, it is apparent that all algorithms
require that the ratio between the daylight component of the photosensor and daylight on
the task surface, Ip(t)/Sp(t), remain constant for all daylighting conditions. (For the sake
of brevity, the ratios Ip(t)/Sp(t) and Ig/Sg are hereafter referred to as the task-sensor ratios
for daylight and electric light, respectively). For an integral reset system, constant
illumination on the task will only be achieved if the task-sensor ratio for daylight is equal to
the task-sensor ratio for electric light. Open- and closed-loop proportional systems will
only achieve the control objective if the task-sensor daylight ratio is always equal to the
particular task-sensor daylight rato obtained at the time of daytime calibration (tc).

The equations derived above show that we can determine how well a given control system
performs by measuring just the daylight on the task and the photosensor at various times
throughout the day. In the following section, we describe the scale model used to obtain
values of Sp(t) and Ip(t) under real skies.
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Sectdon 4

DEVELOPMENT OF THE SCALE MODEL

The physical principle behind scale models is straightforward: because the illumination at
any point in a room is simply the sum of the contributions of the room surface and sky
brightnesses, changing the scale of a room does not affect the light levels. Since
measurements in a scale model of a room are essendally identical to measurements in the
real room, the use of scale models under real sky conditions is a powerful predictive design
tool.

Historically, physical scale models have played an important role in daylighting studies, but
have not been used for studying electric light. Employing a scale model for investigating
the effects of photosensor placement and control has several advantages over other
methods, i.e., taking measurements in actual buildings or purely computational techniques.
A scale model avoids the problems and expense of obtaining data in a building where
people must work, and allows much greater control of the experimental variables.
Moreover, an appropriately designed model can simulate rooms of various shapes (i.e.,
room cavity ratios) and various window management strategies, providing some of the
flexibility and advantages of computer modeling techniques.

DESIGN SPECIFICATIONS

The scale model developed for this project was designed to meet the following
specifications:

1) Permit measurement of daylight and electric light distributions at the workplane
of the modeled building space.

2) Permit modeling of rooms having various shapes (i.e., room cavity ratios).

3) Permit testing of various window sizes, transmittances, and shading devices.

4) Permit examination of rooms facing in different directions.

5) Permit simulation of various lighting layouts.

6) Permit direct control of the electric light levels in the modeled space from any
ceiling or wall-mounted control photosensor.

PHYSICAL DESCRIPTION OF SCALE MODEL.

To meet the above specifications, it was necessary to design a model that would be flexible
in functon. The design chosen consisted of a wooden, cubic-shaped enclosure with one
removable wall and movable internal partitions for the ceiling, walls, and floor. The floor
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and ceiling were mounted on bookshelf-style support tabs so that their relative posidons
could be adjusted to model rooms of various sizes.

Model Room Configurations

We elected to model two different room shapes: the first, a small 15- x 15-ft office with
modestly sized window; the second, a very long room of 30 ft depth with the long
dimension of the room parallel to the window. The small office was modeled at 1:3 scale,
while the long room was modeled at 1:6 scale.

Figure 4-1 is an exploded view of the small office scale model. Figure 4-2 provides a
similar view of the model configured as a very long room. By using mirrored surfaces as
shown in Figure 4-2, we were able to model a room of effectively infinite length parallel to
the window. The wall, ceiling, and floor reflectances used for all the tests are indicated in
the figures.

Caeiling: 83% o
Walls: 51% R

Floor: 23% K REAL

Transmittance Giass

direction of
window

Figure 4-1. Exploded view of scale model of small office



Coiling: 83% SR
Back Wail: 1% i
Side Walls: 90%
Flaor: 23%

direction of

,, Modei Encrosure
£ e window

Figure 4-2. Exploded view of scale model of semi-infinite building space

The entire model could be rotated about a central pivot so that the window wall could be
oriented towards any direction. This capability is critical to daylighting scale model studies
because of the sensitivity of the daylight resource to room orientation.

Window Svstem

Since the window size and transmittance and the type of shading device used are the most
important determinants of the quantity and distribution of daylight within the room, the
window-wall (the wall that contains the window) of the model was removable, allowing us
to test different fenestration strategies. For the single office model, we used a window
with a 1:3 window-to-wall ratio (the ratio of the area of the window to the area of the entire
window-wall as measured from inside the model room) and examined two types of glass:
43% and 88% transmittance (Fig. 4-1). For the semi-infinite room model, we used clear
glass (88% transmittance) with a window-to-wall ratio of 1:2 (Fig. 4-2).

Automatic shading device. To prevent direct sunlight from entering into the model space,

an operable slat-type shading device (venetian blinds) was used for some of the tests. The
venetian blind slats were 3/4" wide and were a neutral gray color of approximately 50%
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reflectance. A small motor was employed to automatically control the blind blade angle.

The motor was triggered by an external clock which incremented the blade angle a given
angle either 30° every two minutes (Schedule A) or 10° every minute (Schedule B). This
technique allowed us to test up to 10 different blade angles during a single day's test.
However, because of mechanical limitations, the total maximum angular deflection possible
was only 90°. The different blind blade angles tested are shown schematically in Figure d-
3, Schedules A and B.
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Figure 4-3. Venetan blind blade angles used in testing (two schedules)



Electuic Lighting Svstem

The electric lighting system consisted of three two-lamp strip fixtures mounted to the
underside of the fixture board with an aperture board below it (Figs. 4-1 and 4-2) to
simulate the appearance and light distribution propertes of a typical ceiling system. For the
small office model, the aperture board consisted of six appropriately scaled rectangular
apertures fitted with industry-standard prismatic lens material to simulate standard 2- x 4-ft
fluorescent troffers (Figs. 4-5 and 4-1). For the semi-infinite room model, we simulated 3
continuous rows of fluorescent fixtures on 10 foot centers as shown in Figures 4-6 and 4-
2. To prevent light from one pair of lamps from spilling out through an adjacent "fixture"
into the room space, baffles are interposed between the fixtures as shown in Figures 4-1
and 4-2.

The 6 lamps used were selected frorﬁ a group of 24 F40T12 cool-white lamps (burned-in
for 1000 hours) on the basis of similar lumen output. They produced an average of 2970
lumens with a standard deviation of less than 0.5%. -

The lamps were operated by continuously dimmable, high-frequency ballasts controlled by
a low-voltage control circuit. The ballasts and associated controls are commercially
available but modifications to the control circuitry were necessary to adapt the system to our
purposes. Specifically, we added proportional control to the integral reset controller by
adding electrical components as shown in Figure 3-4. In addition, because we used control
photosensors that were less sensitive (though more accurate) than the commercially
provided ones, we increased the gain of the photosensor amplifiers built into the controller.

The ballast and control circuitry for each two-lamp fixture could be wired separately to
permit testing of graded control techniques (viz. allowing the fixtures near the window to
dim more than the fixtures further in). However, we restricted our investigation to
uniformly dimming systems, so all three fixtures were operated by a single control module.

The efficiency of photoelectric dimming systems is determined by examining the
reladonship between the input power to the lamp/ballast system and the relative light output
over the full control range. The power/light curve for the electronically ballasted system
used in these experiments was determined by manually operating the lights in the model at
night and simultaneously measuring the power input to the lights and the illuminance at the
workplane. The power/light relationship for this system is linear but not proportional. At
minimumn light output (10%), the system draws 27% of the maximum wattage. (This loss
in system efficacy with increased dimming is typical of well-designed systems that do not
reduce filament voltage when dimming.)
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INSTRUMENTATION

The scale model was extensively instrumented for photometric, electrical, and temperature
measurements.

Photometric Instrumentation

The scale model was equipped with 26 photometers to measure light both inside and
outside the model. Some of these photometers were optically modified to use as control
photosensors for the dimmable electric lighting system. To ensure precise measurements,
all photometers were required to meet the following specifications:

* Small physical size (< 1-in. diameter)
* Rugged and weather-resistant

* Good spectral response (conformance to the Vk curve to within 2% of area under
curve)

* Good spatial response (cosine-corrected to within 5% at all angles < 85° off axis)
* Good linearity over large dynamic range (linearity error < 2%)

» Output compatibility with existing multi-channel data acquisition system.

We used the Li-Cor model #LI-210SB: small, rugged, relatively inexpensive, and
acceptably accurate photometric probes. However, these had to be modified to precisely
measure the low light levels in the model under minimum daylight conditions.

A circuit for amplifying the electric current from the photometers was developed and
fabricated at LBL (see Fig. 4-4). The photometer current is fed into a thermally stable
operational amplifier operating in the transimpedance mode, which converts the input
current (typically 0.2 nanoamp/lux) into a voltage signal measurable by the data acquisition
system. To accommodate the large differences in light levels measured by the internal and
external photometers, two different amplifier configurations were required. The amplifiers
for the internal photometers, had 10 times the gain of the amplifiers for the external
photometers.
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Figure 4-4. Circuit diagrams of photocell amplifiers used in scale model

Calibration, To ensure accurate and precise measurements over the entire antcipated range
of light levels, the photometer/amplifier combinations were calibrated using a.miniature 12-
volt, narrow-beam, halogen projector lamp for the calibration source, with a regulating
feedback circuit to keep the light output constant. The output of each photometer and
amplifier was compared to the reading from 4 calibrated laboratory-grade photometer at a
minimum of three different light levéls to check linearity. To vary light level, neutral
density filters were interposed in the beam path, to avoid changing the spectral distribution
of the lamp by dimming.

. The external photometers had to read accurately to at least 100,000 lux (10,000 fc), which
is equivalent to full sun and sky illuminance. Since the calibration set-up described above
could not provide such high illuminances, the calibration constants for the external
photometers were determined under real sun and sky conditions using a research-grade
photometer as the calibration reference.

Modifications for control photosensor (small office model), Several photometers were
specially modified and mounted in the model ceiling to mimic the spatial response

characteristics of typical commercially available control photosensors or to measure certain
specific luminous quantities. In the former category, three sensors, designated Pynsh, Ppshs
and Pg,, were designed to be attached flat to the center of the ceiling. The Pynsh
(unshielded) photosensor was an unmodified, cosine-corrected photometer; it measured the
illuminance incident on the ceiling. The Ppsh (partially-shielded) photosensor was
equipped with an opaque baffle that shielded it from direct light from the window but
otherwise allowed the photosensor a view of the floor and the three non-window-walls.
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The photosensor designated Pggp, (fully-shielded) was fitted with a Gerschun tube that
restricted its field of view (FOV) to a cone of 40° semi-angle allowing the sensor to
measure light reflected from most of the floor while preventing the sensor from directly
detectng light from any of the four walls. The output of this photosensor was roughly
proportonal to the average luminance of the floor below.

Four other photometers were fitted with Gershun tubes that restricted the angle of view of
each photometer to a cone of 15° semi-angle. This FOV was selected so that each
photometer when appropriately aimed would only be able to detect light reflected from that
wall. These four photosensors measured a physical quantity that was closely related to but
not identical to average wall luminance (or brighmess). Note that the photosensor
designated Py, 4y, Was aimed so that it pointed at the centerpoint of the window (Figs. 4-1
and 4-2). Therefore the output of this photosensor was roughly proportional to the
luminance of the horizontal plane outside the model (i.e., the ground plane) as viewed from
the model ceiling. ‘

Another photosensor was attached to the rear wall of the model and aimed at the window.
By fitting this photosensor with a specially modified Gerschun tube, its field of view was
restricted to the window only, and its output was proportional to the average window
luminance measured normal to the window.

Semi-infinite room model. The control photosensors used for the semi-infinite room model
were similar to those described above with the following differences. Two
ceiling-mounted control photosensor clusters were used rather than the sin gle cluster used
in the small office model. These clusters were mounted as shown in Figure 4-2. Using
two clusters allowed us to assess how important it was to place the ceiling-mounted
photosensors near the workplane location where one wants to maintain the control ‘
criterion. Another difference between the two models was that we eliminated the three
photosensors that measured the luminances of the three non-window-walls. (Analysis
showed that these sensors provided consistently poor correlations with workplane
illuminance).

Workplane photometers. Sixteen cosine- and color-corrected photometers were installed in
the small office model to measure the illuminance distribution at the workplane. As shown
in Figure 4-5, these photometers were arranged in a regular 4 x 4 array on 16-in centers 10
inches above the floor. Since the small office model was scaled at 1:3, this height is
equivalent to 30 inches, where photometric measurements are typically made. The
framework on which the photometers were mounted was painted the same color as the
floor to minimize its effect on the light measurements.
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Figure 4-5. Floor plan and reflected ceiling diagram of small office model

For the semi-infinite room model, we used a linear array of fifteen photometers for
measuring the workplane illumination with the photometers oriented with respect to the
window as shown in Figure 4-6. (Because of the side wall mirrors used to simulate the
infinite room length parallel to the window, it can be shown that only measurements along

the room centerline are meaningful in this context).
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Figure 4-6. Floor plan and reflected ceiling diagram of semi-infinite room

External photometers. Two additonal photometers, designated Pgp] and Pgjr (global and
diffuse), were mounted outside the model on a horizontal platform about S meters away
from the scale model. These photometers were used to measure the horizontal illuminance
(i.e., illuminance falling on a horizontal surface) due to the sun and sky and from the sky
alone. The latter measurement was accomplished by placing the P4;f photometer under a
shadow band that always shielded the photometer from direct sun. The positionin g of the
photometer relative to the shadow band and the angle of the shadow band was adjusted
weekly to account for diunal variations in sun position.

Electrical Instrumentation

Input power to each of the strip fixtures (lamp and ballast system wattage) was measured
with small industrial watt transducers (F.W. Bell Industrial Watt Transducer #PX-2202B).
The ransducers were calibrated in terms of watts using incandescent lamps of various
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wattage as test loads and comparing the transducer output to the wattage as measured by a
laboratory-grade watt-meter (rated accurate to 1%).

Temperature Instrumentation

The light output and power input properties of fluorescent lamps are significantly affected
by the temperature of the air surrounding the lamps. In additon, the accuracy of the
photometric instrumentation is influenced by the temperature of the probes. Since we
anticipated that the lamps and the photometers in the scale model might be subjected to
substantially elevated temperatures on hot days, two thermocouples were installed to
measure the temperature of the air surrounding the lamps and the air temperature within the
room space. The calibration factors for the thermocouples were obtained from the
manufacturer's calibraton data.

DATA ACQUISITION SYSTEM

Amplified signals from all the photometers and watt transducers were fed into a mult-
channel data acquisition control unit (Hewlett-Packard 3497A Data Acquisition and Control
Unit). This unit incorporates a 5-1/2 digit auto-ranging voltmeter for precise voltage
measurements. The operation of the 3497A Control Unit was programmed by an Osborne
1 microcomputer running under the CP/M operating system. The data collection programs
were written in the C programming language.

Data were recorded onto 5 in. floppy disks in compacted form for efficient storage. Filled
disks were then uploaded to the LBL VAX 11/780 computer for subsequent data analysis

and reducton.

The data collection apparatus is shown schematically in Figure 4-7.
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Figure 4-7. Schematc of data collection apparatus

TEST SITE DESCRIPTION

The scale model was located on the roof of the third floor roof of Building 90 at Lawrence
Berkeley Laboratory. The model was anchored to a wood deck of 20-40% reflectance. The
model had an unobstructed view of the sky when aimed in the west or south directions.
Towards the east, the tops of two evergreen trees obstructed part of the sky. As shown in
Figure 4-8, the fourth floor blocked much of the view north. The Berkeley hills that run
NW to SE behind the building also blocked some of the lower portion of the sky to the

north or east.
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Figure 4-8. Plan view showing location of scale model test site

GENERALIZED SYSTEM MODEL

Figure 4-9 presents a schematic showing the relationship between the control system
components and the other physical processes that make up the complete daylighting system
~ in the scale model. In the diagram, each block represents a major system component or
process; the direction of the signal flow is given by lines with arrows connecting the
different blocks. Appropriate signal paths are labeled in accordance with the nomenclature
presented in Section 3. Some of the blocks correspond to specific electric circuits (such as
the controller). Others refer to physical processes such as the “fixture-to-workplane”
block, which symbolizes the transfer function that expresses how electric light generated by
the ceiling fixtures reaches the workplane station point. Ideally, these blocks are
functonally equivalent to simple amplifiers in that the output of the block is simply the
input multiplied by some scale factor, denoted by K. However, in some cases, such as the
“window-to-sensor” block, the transfer function will be very complex in form because it
must describe not only how direct window light illuminates the sensor but also how the
window light reflected within the room affects the sensor. Also, as indicated in the
diagram, many system elements are affected by uncontrollable variables such as dirt
depreciation and other factors which, in turn, affect the operation of the entire system.
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As shown in Figure 4-9, the photosensor signal goes to the controller summing node,
where its value is compared to the setpoint level (Sgm). The difference, €, is scaled by the
integral or proportional gain factor, K| or Kp, and is then compared to the maximum
fractional dimming level (dmax = 1, as given in Section 3). This difference, 8, is the
controller output and corresponds directly to the fractional dimming level that the system
provides given these conditions. If the “fixture-to-sensor” gain, Kg.s, is not zero (i.e.,
some light from the fixtures reaches the photosensor), then the total photosensor signal
S(t) will consist of an independent component, Sp(t), and a dependent component, Sg(t),
as described previously.

The major independent input to the daylighting control system, of course, is the daylight
coming through the window. For analytical purposes, daylight is often divided into two
components: the direct solar beam and the diffuse radiation from the sky. The direct beam
radiation is generally an order of magnitude larger than the diffuse sky component and is
very directional in nature. Because of its intensity, direct beam radiation is usually
excluded from interior building spaces by means of solar controls (e.g., window blinds).
Direct solar radiation, however, may penetrate into the space after bouncing off one or
more reflecting surfaces (such as the slats on the blinds or the ground plane outside the
building). This can contribute significantly to the daylight in the building space, and its
spatial distribution is highly dependent on specific building and window factors. The
radiadon from the sky is more useful than direct sun as a source of illumination for
buildings because it is diffuse in nature. However, the intensity of the diffuse component
inside a side-lit room decreases rapidly as one moves away from the window. A more
complete treatment of the daylighting phenomenon is given in Reference 6.
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Section 5

DATA COLLECTION AND ANALYSIS

TESTING PROCEDURES

Between February 1984 and December 1986, data were taken periodically for two to five
days at a time, depending on weather and test conditions. Before a test, the model was
pointed in a particular direction (i.e., north, east, south, or west) and the data acquisition
system programmed to take data scans at regular intervals (typically once every five
minutes). During a data scan, the outputs of all 29 photometric and power transducers were
rapidly read and recorded (in less than 2 seconds), ensuring effectively simultaneous
reading of all data channels. The computer was programmed not to collect data during the
hours between 8 pm and 4 am. After from two to five days, the data acquisition system
was stopped and the model rotated to another direction for the next round of data collection.

Table 5-1 lists the number of days that data was taken for each month and direction and
specifies the particular test conditions. During these three years we took data for
approximately 390 days; thus we collected data on 35% of the maximum possible number
of days, ensuring adequate sampling of the diverse daylight conditions and seasonal
effects. :

Testing Techniques

As indicated in Table 5-1, between February and September, 1984, we used an electronic
sequencing device to switch the electric lighting system on and off at regular intervals
(typically on for one minute and off for nine minutes). This allowed data collection for
different modes of the lighting system operated under identical sky conditions.
Measurement scans timed to occur when the lights were off provided baseline
measurernents of the daylight on all the photometers and photosensors within the model
without the influence of electric lights. Scans that took place when the electric lights were
on provided direct measurements of the combined effect of daylight and electric light
controlled according to a particular control algorithm and with a selected photosensor.
Between February and June,1984, the electric lights were controlled by the workplane
photometer at P77 (Fig. 4-5) using the integral reset control algorithm. Between June and
September, 1984, the electric lights were controlled by the Punsh photosensor using the
proportonal control algorithm. These data were taken to demonstrate 1) that we could
easily modify an existing



TABLE 5-1

Test Conditions and Number of Days Data Were Collected

Window Ven.Blind

# Days in Direction

TestDate  Model Type TransmttceScheduleA Data TypeB N E S W
2/84-6/84 Sm. Office 43% None I 14 16 g 14
6/84-7/84  Sm. Office  43% None P(Pynsh) 0 0 0 11
8/84-9/84  Sm. Office 43% None P(Pynsh) 5 15 6 6
9/84 Sm.Office 43% None P(Pynsh) 4 0 5 8

10/85  Sm. Office 43% A DL Only 0 0 5 7
11/85-1/86  Sm. Office  43% A DL Only 15 18 6 10
1/86-4/86  Sm. Office  88% A DL Only 29 13 4 9
4/86 Sm. Office 88% A DL Only 0 7 0 0
4/86-7/86  Sm. Office  88% A DL Only 13 11 9 3
6/86-7/86  Sm. Office  88% A ‘DL Only 3 11 6 3
6/86-8/86  Sm. Office  88% A DL Only 4 14 7 9
9/86-10/86  Sm. Office  88% B DL Only 0 0 2 9
9/86-10/86  Sm. Office  88% B DL Only 0 0 14 5
11/86 Semi Inf. Room 88% B DL Only 6 6 6 6
12/86 Semi Inf. Room 88% B DL Only 2 2 0 4

ASee Fig. 4-3 for venetian blind schedule definitions v
BDuring this time, the electric lights were controlled alternately every 2 minutes by the Pypeh, Ppsh. and

Ptsh photocells using integral reset control.

integral reset type controller to use proportional control, 2) that the modified control circuit
operated as predicted, and 3) that the total maintained light levels at the workplane (i.e.,
daylight plus supplied electric light) could be computed based entirely on the daylight-only
data and an understanding of how the various control algorithms operated (expressed
mathematically in Eqgs. 3-8, 9, 14, 15, 20, and 21 ). This third point is particularly
important since it would be impossible to adequately test and compare every combination
given the number of control photosensors and algorithms to choose from.

Except for periodic nighttime baseline measurements of the electric lighting level in the
model, all the data after September 1984 were taken with the electric lights off. The
venetian blinds were controlled automatically using two different schedules as illustrated
schematically in Figure 4-3. Between June and October 1986 we alternately covered the
wooden deck outside the model window with white and black cloth to test the impact of
varying ground plane reflectance on the measured data.

5-2



DATA ANALYSIS

Understanding how changing daylight conditions and seasons affect the performance of
photoelectric control systems generally requires collecting a large amount of data. To
efficiently process and reduce these data, a series of computer programs were developed to
run on the LBL VAX 11/780 computer operating under the UNIX operating system. These
programs could be linked together in a "pipeline” to achieve various data reduction '
functons such as applying calibration factors to the raw data, plotting the results from a
particular channel as a function of time of day, and averaging results from many days to
obtain a statistically significant picture. In the following section, we describe some of the
data analysis programs used to process the experimental data.

Simulation Programs

Three simulation programs were developed to model the response of lighting control
systems obeying the three control algorithms described in Section 3. These programs
compute how much electric light each modelled system would supply by inputting the
daylight-only measurements from the model's control photosensors and workplane
photometers into Egs. 3-8, 9, 14, 15, 20, or 21 to compute the total illuminances at points
on the workplane. Although this computational technique is, in the strict sense, a
simulation, the program should accurately predict how a real system would perform
because it uses the measured daylight data as input.

The two simulation programs that predict the response of integral-reset and proportional-
control systems must also be given measured values of Sgy,, the control photosensor
signals obtained with no daylight and the electric lights at full light output, for each control
photosensor. These values were obtained by reading the output from each control
photosensor at night with the electric lights set to maximum brightness (Table 6-1 for the
small office model and Table 6-2 for the semi-infinite room model).

Because closed- and open-loop proportional control systems require the system gain to be
adjusted according to room and daylight conditions, their simulation programs must be
given scale-factor values (the M terms in Egs. 3-19 and 3-13). Choosing a scale factor is
equivalent to specifying the conditions under which the system is calibrated. Scale factors
for each photosensor/algorithm simulation were computed (Table 6-1 for the small office
model data and Table 6-2 for the semi-infinite room model) by fitting the workplane
daylight illuminance data and photosensor data to a line and computing the slope of the line.
For each photosensor/algorithm/orientation combination in the small-office model, we
selected two sunny days from the winter and summer for this calculation to ensure adequate
representation of the diverse possible daylight conditions. For the semi-infinite room
model, only the data from a typical sunny winter day was used.
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Skv Condition Analvsis Program

To show how the intensity of the direct sun can influence photosensor performance, a
program was written to computationally classify each measured data point as "sunny" or
"not sunny.” The program classified each data point using the data from the external
photometers to compute the intensity of the direct normal solar component outside Lhe
model at the time of measurement by means of the following criteria:

E -Ey 2
not sunny: - < 20,000 lumens/meter
sin 9
sunny: g4 520,000 lumens/meter’
sin 6

where Eg is the total horizontal illuminance from the sun and unobstructed sky; Eq is the
illuminance due only to the sky; and 6, the solar altitude (measured from the horizon), is
computed from the time of day. The above criterion for differentiating sunny and not sunny
conditions was selected to be consistent with measurements from the Campbell-Stokes
sunshine recorder, which has often been used for recording the number of hours of
sunshine. Readings obtained from the external unshielded photometer, Pgiop, Were used
for Eg, and Ey was approximated using the reading from the external photometer, Py;r,
that was equipped with a shadow band to shield it from direct sun. Readings from Py;r are
not strictly equal to E4 because of the error introduced by the portion of the shadow band
that obstructs the sky but not sun but the error is acceptably low for our purposes. The
program also fiitered out data points obtained when the sun was below 6 degrees from the
horizon since the above method of calculating direct normal solar intensity is inaccurate at
low solar altitudes.

Direct Sun Exclusion Program

Because direct sun is usually prevented from entering a real building space by means of
solar controls on the window, we developed a computer program that threw out data points
for which the venetian blind blade angle and/or the location of the sun relative to the
window was such to allow direct sun penetration. The mathematical formulation for this
program is given in Reference 7. :

Task Location

Our analysis presupposes that there is a point or points on the workplane where we want to
achieve our objective of maintaining a minimum specified illuminance level. In a real
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building, these points would usually be at the location of visual tasks. Since there were no
explicit visual task locations in the scale model, we had to choose a location or locatdons at
which to perform the analysis. For the small office model, we posited a task located
approximately 2/3 of the way in from the window as shown in Figure 4-5 and took the task
illuminance to be the average illuminance of the two workplane photometers symmetrically
located about the room centerline as indicated. For the semi-infinite room case, we took the
task illuminance of the front portion of the room to be the illuminance measured by the
workplane photometer at position WP and the task illuminance at the rear to be that
measured at WPy as shown in Figure 4-6.
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Section 6

EXPERIMENTAL RESULTS

INTRINSIC CONTROL PHOTOSENSOR PERFORMANCE

By examining the relationship between the daylight illuminance at the workplane and the
daylight striking the photosensor, one can analyze the performance of any control
photosensor somewhat independently of the specific characteristics of its control system.

Small Office Model

These relationships are plotted as scatter plots for typical clear days for the small office
model both with and without the operable venetian blind shading system in Figure 6-1
(west), Figure 6-2 (north), Figure 6-3 (east), and Figure 6-4 (south) for the (A and B)
unshielded, (C and D) partly shielded, (E and F) fully shielded, and (G and H) window-
aimed photosensors. Every data point on these scatter plots represents a simultaneous
measurement of the daylight on the photosensor (horizontal axis) and the daylight
illuminance at the workplane (vertical axis). (Workplane daylight illuminance is defined as
the average daylight illuminance at workplane points WPg and WP77). Because direct sun
would enter the unshaded model (Figs. 6- A, C, E, and G) when the sun was shining and
within 90° from normal to the window, data points taken under such conditons were
excluded from the graphs. For the model with the operable shading device installed (Figs.
6- B, D, F, and H), we computationally excluded those data points for which the blade
angle was such as to allow direct solar penetration. This treatment is justifiable because, in
any realistic building application, direct sun would be excluded by appropriate use of a
shading device.

Table 6-1 presents statistics that summarize the degree of correlation between workplane
illuminance and photosensor signal for each control photosensor and direction. Fitting
coefficients, b, were determined by applying least-squares fits to each of the scatter plots
shown in Figures 6-1 through 6-4 and constraining the fitted lines to pass through the
origin. These fitted coefficients are given in the bold-face column in Table 6-1 labeled
"Task-Sensor Ratio Ip/Sp."” The standard error of the estimate (SE) and correlation
coefficient (r) are measures of how well the data can be fitted to a line with slope b passing
through the origin. (For a perfect fit, SE = 0 and r=1).

While the details of the data vary depending on-the direction and photosensor, several
major trends are evident. Except for the north-facing window, it is clear that the signal
from the partially shielded photosensor, Ppsh, is best correlated with the illuminance at the
workplane. Even when comparing different seasons and with and without the shading
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device, Ppsh outperforms all the other photosensors. The fully shielded photosensor, P,
also performs reasonably well, as indicated by the relatively high correlation coefficients
and low standard error values; however, it consistently scores lower than the partally
shielded photosensor. It is significant that the fitted slope, b, for these photosensors does
not change significantly between different seasons or with different venetian blind blade
angles, because this invariance implies that calibrating the response of the photocontrol
system need only be performed once.

The unshielded photosensor, Pynsh, shows much more scatter than either the fully or
partally shielded photosensors, indicating that the signal from this photosensor is only a
fair indicator of workplane illuminance. Furthermore, the slope of the best-fit line for this
photosensor is more sensitive to different seasons and different venetian blind blade angles
than the Ppsh or Prsp photosensors. The data for the north-facing model without venetian
blinds is the one exception to these trends. In this one case, the signal from the Pyqsh
photosensor is more closely correlated to workplane illuminance than that of any other
tested photosensor.

The scatter plots of the response for the window aimed photosensor, Py,qw, show that the
output of this photosensor is a poor indicator of the illuminance at the workplane. The
relatdonship between sensor output and workplane illuminance is highly sensitive to the
season and blade angle. For most orientations, the correlation coefficients for the best-line
fit are so low that one cannot reject the hypothesis that there is no correlation between
workplane illuminance and photosensor output.
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Semi-Infinite Room Model

The relationships between photosensor signal and workplane illuminance are shown for the
west, north, east, and south directions in Figures 6-5 through 6-8, respectvely, for the
semi-infinite room model fitted with a clear glass window and the operable venetian blind
system operating under Schedule B (i.e., every 10° between 40° and 120°, as shown in
Figure 4-3). The plots in the left-hand column of each of these figures (sub-figures A, C,
E, and G for the Pynsh, Pfsh, and Ppsh, and Pydw photosensors, respectively) show the
relationship between the aforementoned front cluster photosensors (Fig. 4-2) and the
daylight workplane illuminance measured by the WP, workplane photometer (Fig. 4-6).
The right-hand plots show the equivalent relationships between the rear photosensors and
the WPg workplane photometer (Fig. 4-6). The WP, and WPg photometers were selected
as indicators of the workplane illuminance in the front and rear portions of the room,
respectively. In these scatter plots, we have excluded, using the program discussed in
Section 5, data points that occurred when the blade angles were such that direct sun
penetrated into the model interior. ‘

Table 6-2 summarizes the best-line slopes, goodness of fit, and standard errors statistics
for the scatter plots given in Figures 6-5 through 6-8.Qualitatively, in the front portion of
the model, the correlatons between the various control photosensors and workplane
illuminance are similar to the small office model results. Photosensor output and
workplane illuminance are best correlated for the partially shielded photosensor while there
is poor correlation for the window-aimed photosensor. In the rear portion of the model,
though, the unshielded photosensor performs generally as well, and for some orientations,
better than the partially or fully shielded photosensors. Thus, there appears to be little
advantage to shielding the control photosensor from direct window light, if the control
photosensor is sufficiently distant from the window (i.e., greater than approximately 3
window heights).

EFFECT OF CONTROL ALGORITHM

In the preceding section, we compared the intrinsic performance of the control
photosensors by examining how well they tracked the daylight illuminance at the
workplane. In this section, we analyze the effect of the control circuit, which sets the
electric light level based on the measured photosensor signal, and investigate how the
choice of control algorithm affects overall control system performance with respect to
maintaining a minimum workplane illuminance.
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Simulated vs. Measured Electric Light Levels

To justify the use of simulated electric light levels, which, as discussed in the previous
section, simplified the data acquisition process, we compare here measurements of
controlled electric light to simulations of the same quantity. To accomplish this, we
designed physical electronic circuits of the integral reset and closed-loop proportional
control systems and used these to control the electric lights from the Punsh, Pfsh, and Ppsh
photocells. As indicated in Table 5-1, we used integral reset control from the Pynsh, Psh,
and Ppsh photocells in the spring of 1984 and closed-loop proportional control from the
Punsh photosensor in the fall of 1984. The accuracy of the simulation method is
demonstrated in Figure 6-9 for the west-facing model with 43% transmittance window and
no shading device. The curve labeled “actual” indicates the measured total workplane
tlluminance (daylight plus controlled electric light) at the P77 workplane photometer (see
Fig. 4-5) when the integral-reset system was controlled by the partially shielded (Ppsn)
control photosensor. The curve labeled “simulatdon” gives the illuminance at the same point
as computed by the simulation program modelling the “real” system. The actual and
simulated workplane illuminance and electric lighting power use for the closed-loop
proportional system controlled by the Pypsh photosensor are given in Figures 6-10 through
6-12 for the west, north, and south directions, respectively.

The results obtained with the physical circuits correspond closely to the simulations in
terms of overall shape, although there are discernible differences in the fine-scale details for
two reasons. The small-scale differences reflect the limitadon in how the data for the curves
are collected. Because the data from which the “actual” curve is constructed is collected two
minutes earlier than the “daylight only” data, short-term changes in daylight levels cause
small differences between the actual and simulated curves. The longer-term discrepancies
result from elevated temperatures in the model reducing the light output and efficacy of the
real fluorescent lighting system. The simulations do not account for this thermal effect and
make the simulated light levels slightly higher, and the simulated power levels slightly
lower than those measured in the model. These differences would be smaller in a realistic
building environment where the air temperature is controlled by the building cooling
system.

Integral-Reset Svstems

Small office model. The simulation results for control photosensors Pynsh, Ppsh, and Prspy
driving integral-reset control systems (subfigures A, C, and E, respectively) are given in
Figures 6-13 (for winter) and 6-14 (for summer) for the small office model facing west.
Similar sets of figures are given for the north (6-15 and 6-16), east (6-17 and 6-18), and
south (6-19 and 6-20).
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Semi-infinite room model. The simulations for the front control photosensors Puynsh, Ppsh,
and Pfsh controlling integral-reset systems (subfigures A, C, and E, respectively) are
shown in Figure 6-22 for the front portion of the semi-infinite room facing west. Figure
6-23 shows the equivalent results in the rear portion of the model for integral-reset systems
controlled by the rear photosensors Pyunsh, Popsh, and Pypgsh. Comparable graphs are
shown in Figures 6-24 through 6-29 for the north, east, and south directions.

The grey shaded area in each graph shows the contribution of daylight to the total
illuminance at the indicated workplane point(s) as a function of time of day for the indicated
test day. The cross-hatched area indicates the contribution of supplied electric light to the
workplane illuminance for the indicated control photosensor and algorithm. The upper
boundary of the cross-hatched area therefore corresponds to the total illuminance at the
workplane. In each graph, the dashed curve gives the blade angle of venetian blind system
as a function of time of day. The blade angles shown are those slat angles that excluded
direct sun from penetwrating the model while permitting maximum slat openness. Thus, for
the example of the west-facing model, the 90° blade angle data (see Fig. 6-13) was used
untl approximately 2:00 pm after which the 60° blade angle data was used because the 90°
blade angle was insufficient to block the sun. Similarly, from approximately 4:00 pm until
sunset, the 30° blade angle data was used since direct sun could penetrate with the blades at
60° (or 90°). We selected this venetian blind control strategy for the small office model
simulations to mimic the way the room occupant might realistically use the blinds

(i.e., periodically adjusting the venetian blinds to provide a reasonable external view while
preventing uncomfortable direct sun from penetrating the room). A similar, but more
refined control strategy was used for the semi-infinite room case. In this case, the blade

~ angles could vary in 10° rather than 30° increments. Thus the semi-infinite room
simulations are more indicative of what might be expected in a building with a completely

~ automatic shading system designed to prevent direct solar penetration while providing
maximum Openness.

Small office model. Figures 6-13 through 6-20 show that integral reset systems controlled
by the unshielded photosensor (Pynsh) consistently provide far less electric lighting than is
required to meet the target light level. In several cases, (e.g., Figs. 6-13, 6-16, 6-18, and
6-19) the electric light levels are fully dimmed for much of the day even though the daylight
contribution at the workplane only provided about 30% of the design light level. The poor
performance of the Pynsh cell is particularly apparent for the north-facing model, when the
electric lights are dimmed to minimum despite the small contribution of daylight to the
workplane light level. Integral-reset systems driven by the partially- and fully-shielded
photosensors (Ppsh and Pgsh) also failed to provide sufficient electric light to meet the target
level but consistently provided more light than equivalent systems driven by the unshielded
photosensor. Systems driven by the Pgsh photosensor provided somewhat more electric
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light than Ppsh-driven systems. However, for the south and east-facing test days (Figs.
6-18, 6-19, and 6-20), the Pfsh and Ppsh-driven systems allowed total light levels to fall
roughly 25% and 45%, respectively, below the target light level for portions of the day.
Thus, while it is apparent that shielding the ceiling-mounted photosensor from the window
and vertical walls improves the performance of integral reset systems, it is important to note
that none of the integral reset systems, regardless of direction or type of photosensor,
provide sufficient illuminadon to satisfy the control system objectives.

Semi-infinite room model, Figures 6-23, 6-25, 6-27, and 6-29 show that the performance
of integral reset control systems in the rear portion of the semi-infinite room are
qualitatively similar to those of the small office model presented above. The total
illuminance at the back part of the model (viz., at point WPg as shown in Fig. 4-6) was
significantly below the design level (736 lux) when the integral-reset system was controlled
by the rear unshielded photosensor, Pyupsh. Improved performance was evident for
integral reset systems controlled by the rear partially- and fully-shielded photosensors,
Pypsh and Ppgsh. However, even in these cases, total illuminance at the rear of the room
was at least slightly below the design level for substantial portions of the day.

In contrast to the results from the rear portion of the semi-infinite room, integral reset
systems controlled by the front partially- and fully-shielded photosensors provided
sufficient electric H.ght at the front portion of the room to meet the design illuminance level
throughout the day (Figs. 6-22, 24, 26, and 28, subfigures C and E) regardless of room
orientation. The integral reset systems controlled by the front unshielded photosensor,
Punsh, however, provided substantdally less illumination at the front of the room than
required for all room orientations.

jeil -L ional Control Sv

For the small office model facing west, the simulation results for photosensors Pynsh, Ppsh,
and Pgsp, driving closed-loop proportional control systems (subfigures B, D, and F,

' respectively) are given in Figures 6-13 (winter) and 6-14 (summer). Similar sets of figures
are given for the north (6-15 and 6-16), east (6-17 and 6-18), and south (6-19 and 6-20).
For the front portion of the semi-infinite room facing west, he simulations for the front
control photosensors Pynsh, Ppsh, and Pgsh controlling closed-loop proportional control
systems (subfigures B, D, and F, respectively) are shown in Figure 6-22. Equivalent
results for the rear portion of the model for closed-loop proportional control systems driven
by the rear photosensors Ppunsh, Pbpsh, and Pofsh are given in Figure 6-23. Results for the
north, east, and south directions are presented in Figures 6-24 and 25 (north, front and
rear), 6-26 and 27 (east, front and rear), and 6-28 and 29 (south, front and rear).
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For all the small office data, closed-loop proportional control systems provide a total light
level at the task much closer to the target level than comparable integral-reset systems. In
every case, the use of proportional control causes task light levels to be within 10% of the
target level. Because the unshielded photosensor, Pynsp, performed so poorly with an
integral reset system, the improved performance of this photosensor with propordonal
control is most marked. However, performance was also significantly improved for the
partially- and fully-shielded photosensors relative to integral reset control. The total light
levels from these latter two systems are generally comparable for most of the test days
shown. The simulations for the unshielded photosensor driving proportional controls
show slightly inferior performance, with more variability in total light levels than either the
Pgsh or the Ppsh photosensors (see particularly Fig. 6-18). Also, the simulations from the
unshielded photosensor often show this system providing more than the necessary amount
of electric light to meet the target light level (e.g., Fig. 6-14B).

The closed-loop proportional control simulations for the rear portion of the semi-infinite
room show characteristics similar to those of the proportional control simulations for the
small office model. For the rear unshielded, partially- and fully-shielded photosensors,
Pounsh, Pbpsh, and Ppfsh, the use of proportional control provides a total light level in the
rear of the room closer to the target light level than does the use of integral reset control.
Total light levels are generally more constant with the partially- and fully-shielded
photosensors compared to the results from the unshielded photosensor.

For the partially- and fully-shielded photosensors, the closed-loop proportional control
simulations for the front portion of the semi-infinite room are identical to the results
obtained with integral reset control. The simulations of the unshielded photosensor with
closed-loop proportional control show total light levels at the workplane fairly constant
throughout the day in marked contrast to the results obtained with integral reset control.

Open-Loop Proportonal Control Systems

The simulation results for the Pwdw photosensor driving an open-loop proportional control
system are shown in Figure 6-21 for the west-facing small office model in winter (A) and
summer (B), north-facing (C & D), east-facing (E & F), and south-facing (G & H). Figure
6-30 shows the open-loop simulations for the Pyqgw photosensor in the semi-infinite room
model. The results for the front portion of the model are given for the west, north, east and
south in subfigures A, C, E, and G, respectively with simulations for the rear portion of
the model in subfigures B, D, F, and H. The graphs indicate that while open-loop
proportional control clearly yields better results than integral reset control, there is a fair
degree of variability in the maintained workplane light levels. In addition, the open-loop
form of control provides more electric light than is necessary in some cases (Fig. 6-21 B,
for example) while providing insufficient light in others (Fig. 6-21 G). Similar results
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were found for the semi-infinite room example, with total light levels closer to the target
level than integral reset systems, but showing more variability than the results obtained
with the closed-loop proportional control.

The results show that an open-loop system controlled by the Pyqw photosensor
outperforms any of the integral-reset systems in satisfying the control objectives. However,
compared to closed-loop proportional control systems, open-loop control is more erratc,
with the system often significantly overshootng or undershooting the design level.

PHOTOSENSOR LOCATION RELATIVE TO TASK LOCATION

One important issue in photoelectric controls is how close the ceiling-mounted photosensor
should be to the task location where a minimum specified light level is to be maintained.
We examined this question in the semi-infinite room model by performing least-squares fits
to the measured signals from the partially- and fully-shielded photosensors relative to the
measured illuminances at different points at the workplane. An example of the results of
this analysis is given in Figure 6-31 for a clear winter day for the west-facing model at
11:00 am. In this figure we plot the goodness of fit (as measured by the standard error of
the fit) for the Ppgh, Popsh, Pfsh, and Ppgsh and Pyynsh photosensors versus the distance of
the workplane point from the window. From the figure, it is seen that the best fit, i.e., the
smallest standard error, occurs at the workplane point directly under the ceiling-mounted
control' photosensor. The goodness-of-fit for workplane points displaced to either side of
the control photosensor decreases fairly rapidly. Other data (not shown) also indicated that
the goodness of fit decreased more rapidly for the fully-shielded photosensor than for the
partially-shielded or unshielded photosensors.

CALIBRATION

As discussed in Sections 3 and 5, the scale factor (i.e., the gain) for any proportional
control system, whether closed- or open-loop, must be set by calibrating the system during
the day. (Integral reset systems do not have adjustable gain and are designed to be
calibrated only at night). The closed- and open-loop control simulations discussed above
are based on the assumption that all systems are calibrated under comparable typical
daylight conditions, with the best-fit slope to the data used for the computation of all the
scale factors. In other words, we have assumed that all the simulated systems were
calibrated under "typical” daylight conditions as determined by the available data. Itis
useful to ask what the results would be if the systems are calibrated under atypical daylight
conditions (i.e., under a condition where the ratio of daylight on the workplane point and
daylight on the photosensor is not typical). In Figure 6-32A, the north data for the Punsh
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photosensor (semi-infinite room, all allowable blade angles) is used to exemplify how
calibration under atypical daylight conditions affects overall system performance.
Superimposed on the daylight data are three possible slopes representing two extreme
values and the best-fit slope value for this direction and photosensor. Figure 6-32B shows
the total light levels at the task assuming system calibration under these three condidons. If
the low slope value is used as the basis of the calibration then the system will, on the
average, provide more electric light than that required to maintain the design light level. The
reverse is true for the high slope value; in this case, the system significantly undershoots
the target level. The curves given in Figure 6-32B indicate the importance of calibrating the
system response under typical daylight condidons. If the system is calibrated under atypical
conditions, then the response of the control system under more typical conditions will not
be optimal. It is especially important to avoid calibrating the system at a time when the
daylight workplane illuminance is unusually high relative the photosensor signal, since this
will result in the system providing less light than required under most conditions. It should
be noted however that the example shown above is a relatively extreme case since, as we
have shown, the partially- and fully-shielded photosensors show a much better correlation
between daylight workplane illuminance and photosensor signal than does the unshielded
photosensor used in the example.
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Figure 6-1. Scatter plots of daylight on control photosensors vs. daylight on workplane for
small office model facing west with and without shading device. Data points representing direct
solar penetration into interior space are excluded
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Figure 6-2. Scatter plots of daylight on control photosensors vs. daylight on workplane for
small office model facing north with and without shading device. Data points representmc direct

solar penetration into interior space are excluded
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Figure 6-3. Scatter plots of daylight on control photosensors vs. daylight on workplane for
small office model facing east with and without shading device. Data points representing direct
solar penetration into interior space are excluded
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Figure 6-4. Scatter plots of daylight on control photosensors vs. daylight on workplane for
small office model facing south with shading device. Data points representing direct solar
penetration into interior space are excluded
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Figure 6-5. Scatter plots of daylight on control photosensors vs. daylight on workplane (front
and rear of model) for semi-infinite room model facing west with shading device on clear, winter
day. Data points representing direct solar penetration into interior space are excluded
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Figure 6-6. Scatter plots of daylight on control photosensors vs. daylight on workplane (front
and rear of model) for semi-infinite room model facing north with shading device on clear winter
day. Data points representing direct solar penetration into interior space are excluded

6-19



A

r————— FRONT OF MODEL

REAR OF MODEL

UNSHIELDED PHOTOSENSOR (FRONT)

800

uminance at WP4 (lux)

200 400 600 800
Photosensor Signal (lux)

tr1

C PARTIALLY SHIELDED PHOTOSENSOR [FRONT)
300 —
] .
2 6001 .
- -
B -
3 1]
= L.
- o e -
2
2
€
3
100 200 300

Photasensor Signal (lux)

FULLY SHIELDED PHOTOSENSOR (FRONT)

800

Illuminance at WP4 (lux)

Q

50 100 150
Photosensor Signal (lux)

WINDOW AIMED PHOTOSENSOR

300

Iluminance at WP4 (lux)

100 200 300
Photosensor Sigaal (lux)

w

Wuminance at WP9 (lux)

=)

Ntuminance at WP9 (lux)

g

Tiuminance st WP9 (juz)

]

Tluminance at WP (lux)

UNSHIELDED PHOTOSENSOR (REAR)
400
L]
3001 b
2001 o
'#'
1001 ‘,‘rﬁ'
e
0
0 100 200 300
Photosensor Signai (fux)
PARTIALLY SHIELDED PHOTOSENSOR (REAR)
400
300 1 -
2007 :_?_.\
>
1001 e
£
e
0
0 20 40 60 80
Photosensor Signal (lux)
FULLY SHIELDED PHOTOSENSOR (REAR)
400
300 1
- ¢ %
200 1 -'--,.‘l
AN
.*.I'F °
100 /‘-‘- s
.
ave
o~"'-"
0 10 20 30 40 50 60
Photosensor Signal (lux)
WINDOW AIMED PHOTOSENSOR
400
-
3001 °
- . ..
201 A
. " oA i ad &
® ""'."-'.':':
100 1 , PR R L % -
0. -
= - - /-)’
% :’.. L
o= -
[} 100 200 300
Photosensar Signal (Jux)

Figure 6-7. Scatter plots of daylight on control photosensors vs. daylight on workplane (front
and rear of model) for semi-infinite room model facing east with shading device on clear, winter
day. Data points representing direct solar penetration into interior space are excluded
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Figure 6-8. Scatter plots of daylight on control photosensors vs. daylight on workplane (front
and rear of model) for semi-infinite room model facing south with shading device on clear,
winter day. Data points representing direct solar penetration into interior space are excluded
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WORKPLANE TLLUMINANCE (1ux)

SIMULATION

TME bhrs

Figure 6-9. Total workplane illuminance (daylight plus controlled electric light) for an integral
reset system controlled by the P77 photocell. Solid line is measured results for the real integral
reset system. Dashed line represents the simulation assuming the same conditions. Data are for
the model pointing west on Feb. 25, 1984
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Figure 6-10. Total workplane illuminance (A) and electric lighting power per ballast (B) for
proportional system controlled by the Pyugh photocell. Dashed l.me is measured results for the
real proportional control system. Dotted line represents the simulation assuming the same
conditions. Data is for the model pointing west on Sep. 23, 1984

6-23



ig0¢0 1 ] i 1 ] 1 1
8co _ -
) _e=rmmia .
——-’j’\\\,":{/‘ -\..,__‘ﬁ‘\ m
i “\_'_—"" Measured
Siaulated
- 6o _] L
-
3
=
a
- 400 _ =
200 _| =
]
1 1 LI KN 1] [
4 [ 8 10 12 14 16 18 20
Time (nrs)
90 . | 1 1 ] ] 1 !
o0 _ B
70
Legend:
Py Meaoured
o N, T S L T
-— Simulated
-
< so -
»
A
40 -
o
-
a
30 =
ae -
10 ] -
°
L) 1] Ly i |} L]
4 [ 8 10 12 14 16 18 20

Time (hrs)

Figure 6-11. Total workplane illuminance (A) and electric lighting power per ballast (B) for
proportional system controlled by the Pynsh photocell. Dashed line is measured results for the
real proportional control system. Dotted line represents the simulation assuming the same
conditions. Data is for the model pointing west on Sep. 15, 1984 _
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Figure 6-12. Total workplane illuminance (A) and electric lighting power per ballast (B) for
proportional system controlled by the Pynsh photocell. Dashed line is measured results for the
real proportional control system. Dotted line represents the simulation assuming the same
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Figure 6-13. Light levels on workplane for integral reset and closed;loop proportional control
systems controlled by three photosensors for small office model facing west on clear winter day
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Figure 6-14. Light levels on workplane for integral reset and closed-loop proportional control
systems controlled by three photosensors for small office model facin g west on clear summer day
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Figure 6-15. Light levels on workplane for integral reset and closed-loop proportional control
systems controlled by three photosensors for small office model facing north on clear winter day
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Figure 6-16. Light levels of workplane for integral reset and closed-loop proportional control
systems controlled by three photosensors for small office model facing north on clear summer day
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Figure 6-17. Light levels of workplane for integral reset and closed-loop proportional control
systems controlled by three photosensors for small office model facing east on clear winter day
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Figure 6-18. Light levels of workplane for integral reset and closed-loop proportional control
systems controlled by three photosensors for small office model facing east on clear summer day
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Figure 6-19. Light levels of workplane for integral reset and closed-loop proportional control
systems controlled by three photosensors for small office model facing south on clear winter day
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Figure 6-20. Light levels of workplane for integral reset and closed-loop proportional control
systems controlled by three photosensors for small office model facing south on clear summer day
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Figure 6-21. Light levels of workplane (front and rear portions of room) for open-loop
proportional control systems controlled by window-aimed photosensor for semi-infinite room
model facing all directions (clear winter day)
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Figure 6-22. Light levels on workplane (front portion of room) for integral reset and closed-loop
proportional control systems controlled by three photosensors for semi-infinite room model facing

west (clear winter day)
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Figure 6-23. Light levels on workplane (rear portion of room) for integral reset and closed-loop

proportional control systems controlled by three photosensors for semi-infinite room model facing
west (clear winter day) '
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Figure 6-24. Light levels on workplane (front portion of room) for integral reset and closed-loop
proportional control systems controlled by three photosensors for semi-infinite room model facing

north (clear winter day)
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Figure 6-25. Light levels on workplane (rear portion of room) for integral reset and closed-loop

proportional control systems controlled by three photosensors for semi-infinite room model facing
north (clear winter day)
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Figure 6-26. Light levels on workplane (front portion of room) for integral reset and closed-lqop
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Figure 6-28. Light levels on workplane (front portion of room) for integral reset and closed-loop
proportional control systems controlled by three photosensors for semi-infinite room model facing
south (clear winter day)
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Figure 6-29. Light levels on workplkane (rear portion of room) for integral reset and closed-
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Figure 6-30. Light levels on workplane for open-loop proportional control systems controlled by
window-aimed sensor for small office model facing all directions on clear winter and summer days
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Section 7

DISCUSSION

EFFECT OF PHOTOSENSOR SHIELDING ON DAYLIGHT TRACKING
CAPABILITY

The scatter plots of workplane vs. photosensor signal indicate that the control sensor's
precision in tracking the illuminance at the task is affected by the sensor's location,
orientation, and susceptibility to direct light from the window. It is also affected by the
geometry of the room. For all directions, sensors that were shielded from the window or
from both the window and walls (the Ppsh and Psh photosensors, respectively) most
closely followed the changing daylight levels at the workplane. The similarity of the
daylight response plots for these two sensors indicates that shielding a ceiling-mounted
control photosensor from walls other than the window-wall does not improve tracking
capability. In fact, the standard errors and correlation coefficients indicate that the partially-
shielded photosensor slightly outperformed the fully-shielded photosensor for all
situations. In general these differences were not large; however ,they were consistent over
the many cases examined. The daylight response plots for the unshielded ceiling-mounted
photosensor, Punsh, on the other hand, were clearly less well correlated than either the
partially- or fully-shielded photosensors except in the rear of the semi-infinite room model
when all three sensors performed about equally well. Because the principal difference
between the unshielded and partialy shielded sensors is the former's susceptibility to direct
light from the window, simply shielding the sensor from direct light from the window is
sufficient to markedly improve the sensor's ability to track changes in the workplane
illuminance.

The results show that shielding the ceiling-mounted control photosensor from direct
window light improves the performance of integral-reset systems; however, in all cases,
total light levels at the workplane dropped below the design level for portions of the day.
With closed- and open-loop proportional control algorithms (especially closed-loop)
satisfactory results could be obtained even with the unshielded photosensor. Thus the
results indicate that with the existing technologies tested, the proper choice of control
algorithm is more important than either the placement of the photosensor or its spatial
responsivity.

WHY PROPORTIONAL CONTROL OUTPERFORMS INTEGRAL CONTROL

The reason the integral-reset system performs less well than the closed- or open-loop
proportional control systems is implied in the expressions for the response of the different
systems to changes in daylight on the control photosensor (Egs. 3-6, -11, and -17). The
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response of an integral reset system to a given change in the daylight component of the
photosensor signal is fixed not according to the daylight conditions prevailing in the room,
but by the electric light distribution in the room and the geometric relationship between the
task and photosensor. Since daylight in a side-daylit room enters the space from the side
window while electric light comes from the ceiling, the relationship of daylight at the task
photosensor output is clearly quite different from that of electric light (compare bold face
columns in Tables 6-1 and 6-2). Given the inherent asymmetries in a side-daylighted room,
an integral-reset system driven by a ceiling-mounted photosensor would generally be
expected to provide inadequate illumination except at night or when the task surface is very
close to the window. Using a photosensor shielded from direct light from the window
prevents the integral control system from reacting quite as extremely to a given change in
daylight, but even a fully-shielded ceiling-mounted photosensor will usually over-respond.

Stated another way, an integral reset system operates by lowering the amount of electric
light provided as daylight increases in such a way as to maintain a constant total amount of
light on the control photosensor. It simply turns out that for most daylighting applicatons, |
maintaining a constant amount of light on the ceiling results in progressively lower total
light levels at the workplane as daylight increases. A properly calibrated closed-loop
proportonal control system gets around this difficulty by allowing the total amount of light
on the photosensor to increase as the amount of daylight increases.

The operational difference between proportional control and integral control can also be
seen by inspection of the block diagram shown in Figure 4-9. With integral control, the
controller requires that the feedback signal from the photosensor exactly track the setpoint
(for low frequency changes). If there is no daylight and the ratio between the two gain
constants Kr.w and Kf.s remains constant, an integral controller will maintain constant
illuminance at the workplane even if there are unwanted fluctuations in elecrric light level
due to temperature changes, voltage fluctuations, etc. Even long-term changes in wall
surface reflectance will be properly compensated for with integral control as long as the
Kr.w/KE.s ratio does not change significandy. This is strong evidence that integral control
is the appropriate control algorithm to use for the lumen maintenance control strategy,
provided that there are no other sources of illuminaton.

However, once daylight enters the space, a given increase in daylight at the workplane
causes a large increase in the photosensor signal (relative to the electric light case) because
the Kw.w/Kw._s ratio for daylight is typically lower than the Kg.w/Kg.g ratio for electric
light.t Effectively, this means that the gain of the feedback loop is larger for daylight than

 The Kw.-w/Kw.S ratio is identical to the task-sensor ratio for daylight listed in column 8 of Tables 6-1
and 6-2. Similarly the Kg.w/KE.S ratio is identical to the electric light task-sensor ratio listed in column
3 of the same tables. ‘
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it is for electric light. With integral control, this “gain change” must be answered by
reducing the electric light component of the photosensor (by reducing the output of the
electric lights) so that ST once again equals the setpoint. But because Kg.w/KEg.s is higher
than Kw.w/Kw.s, the electric light level will be reduced too far, causing the total light level
at the workplane to drop below the design level. With proportional control, the
photosensor output St is not required to equal the setpoint level and, in fact, increases as
the daylight level goes up. This effectively reduces the sensitivity of the proportional
control system to the difference in gain between daylight and electric light. With proper
calibration, the system sensitivity is reduced just enough to properly compensate for these
gain differences.

EFFECT OF REDUCED SYSTEM SENSITIVITY ON ELECTRIC LIGHT VARIANCES

However, reducing the sensitivity of the system with proportonal control has some
unwanted side effects. In particular, because the gain of the proportional control system is
reduced relative to integral control, the proportional control will now only partly
compensate for variances in electric light output (such as those caused by lamp lumen
depreciation, or voltage and temperature fluctuations). The more the system sensitivity
must be decreased to obtain good daylighting performance from a particular photosensor,
the less accurate the control will be for electric light changes. Since the sensitivity for
shielded photosensors did not have to be reduced nearly as much as that for unshielded
photosensors to obtain satisfactory daylighting performance, this would tend to argue for
shielded photosensors. A proportional control system driven by a shielded ceiling-
mounted photosensor will provide good daylighting control with only minor compromises
in lumen maintenance performance. |

It is interesting to ask whether a photoelectric control system can achieve both good
daylighting performance and uncompromised lumen maintenance control. Conceptually,
this requires the system to “know the difference” between electric li ght and daylight.
Differentiating daylight from electric light is clearly achievable by various techniques. One
scheme is to use a separate photocell placed directly facing the controlled electric light
fixtures to give the control system a “handle” on the instantaneous electric li ght output.
Coupled with a sensor that detects input power (or current), a control system could be
devised to optimally exploit both daylighting and lumen maintenance control strategies.
Other approaches are possible as well, but any such scheme requires relaxing some of the
criteria imposed in Section 3. Also, the savings associated with lumen maintenance is
generally much lower than that associated with daylighting. It is therefore arguable
whether the advantages of optmal daylighting and lumen maintenance control are worth the
disadvantages of greater control complexity and cost.
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IMPLICATIONS FOR CALIBRATION

The responses of both closed- and open-loop proportional control systems are set
according to prevailing daylight conditions in the room and thus can better provide
reasonably constant illuminance for most daylight conditions. This is shown in the
equations for the open-loop and proportional control scale factors (M) given in Egs. 3-13
and 3-19. The scale factors of these systems are explicit functions of the daylight
conditions at the time of calibration. It is not surprising that systems that respond to
changes in daylight in a way that explicitly takes into account the daylight conditions in the
space respond more appropriately than integral reset systems, which do not account for the
daylight conditions.

If calibration is performed under typical daylight conditions (as we have done in the
simulations shown previously), one is assured of good results under most conditons. Of
course, in any realistic situation, the end-user will not have access to the type of data
shown in Figures 6-1 through 6-8 and thus will have no way of knowing when it is a good
time to calibrate. For this reason, it is important that manufacturers of daylight-following
controls produce control photosensors that properly track illuminance changes at the work-
plane. If the spatial response characteristics and location of the control photosensor are
such that its daylight scatter plot is close to proportional and shows minimal data scatter
relative to changing daylight conditions, the user is more likely to calibrate the response
properly. Thus the system will generally supply the design light level with greater
precision and more efficiency than it would with a less well-designed photosensor. In this
regard, we can identify the window-aimed photosensor as being a poor choice because, for
a given level of daylight at the workplane, this sensor can produce a signal varying by as
much as 10 to 1 depending on the blind blade angle, season, or sun angle. With such a
large degree of variance, it would be virtually impossible to obtain reasonable performance
because the control photosensor does not measure a quantity that is indicative of workplane
illuminance.

In Tables 6-1 and 6-2, it was shown that the ratio of daylight on the unshielded
photosensor to daylight on the workplane was very different from the equivalent ratio for
electric light. The fact that the proportional control systems performed well, even when
driven by such a photosensor, is significant since it implies that even photosensors that are
relatively more sensitive to daylight than electric light can be accommodated by proper
setting of system gain. If an unshielded photosensor is used, then the system gain will be
set low so that a relatively large change in photosensor output will be required to effect a
relatively small change in electric light output. Conversely, system gain would be set higher
if a sensor shielded from direct window light were used.
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From Tables 6-1 and 6-2, it is seen that the single parameter fits of the daylight scatter plots
vary somewhat between different room orientations and particularly according to the room
shape. The fits for pardally-shielded sensors generally show the best correlation the least
variability with respect to these variables, providing an additional reason for using this type
of sensor. However, it is apparent from the variations of the fits that it is probably not
reasonable for manufacturers to provide a factory-set gain value; for proper system
operation, calibration must be performed on-site in each controlled zone. It is certainly
possible, however, that with some added circuitry, a self-calibrating system could be
devised. This would require a more intelligent system than that considered in this report.
However, it would alleviate the need for trained personnel to calibrate the system and thus
might improve user acceptability.

COMPARISON OF OPEN-LOOP AND CLOSED-LOOP PROPORTIONAL CONTROL

It is clear that the open- and closed-loop proportional control systems perform significantly
better than comparable integral-reset systems, by allowing adjustment of system gain. Itis
tempting to assume that these systems are equivalent, but some important differences
between the two algorithms may favor the closed-loop control approach. The root of these
differences is in the absence of a balancing (voltage divider) network to the non-inverting
input on the OLC system circuit diagram (compare Figs. 3-3 and 3-4). (In reality, some
OLC circuits do allow adjustment of the voltage offset at the non-invertng input. In these
cases, though, the function of the adjustment is to permit the end-user to reduce the
maximum electric light level supplied at night to below the full light level the system is
capable of delivering). Because there is no means of adjusting the voltage at this input, the
OLC circuit designer must configure the circuit so that full light output occurs when there is
zero (or negligible) photosensor signal. To ensure that the photosensor will read nearly
zero when the electric lights are on full at night, the manufacturer of an OLC system must
use a control photosensor that is much more sensitive to daylight than to the electric light
that it controls. On a practical level, this means that to use a ceiling-mounted control
photosensor with an OLC system, the sensor’s field of view should be restricted primarily
to daylight coming through the window. A sensor designed in this way (such as Pyq4w)
will tend to be sensitive to the brightness of the ground plane (i.e., the area of ground
outside the controlled building space), a parameter that we have shown is not well
correlated with interior workplane illuminance. Further work on the effects of varying
ground plane reflectances under real sky conditions is required before we can predict the
most appropriate spatial response for an OLC photosensor.



Section 8

PRELIMINARY DESIGN GUIDELINES

A major purpose of this research was to develop data and methods that can form the basis
of guidelines for designing, installing, and operating effective daylight-following systems.
From the results described in this report, some preliminary guidelines emerge.

SYSTEM IDENTIFICATION AND SELECTION

Proportional control systems were found to be far superior to integral-reset systems for
daylighting applications using one photocell sensor and existing technologies on the
market. Specifiers of daylight-following systems need to be aware that various products are
available and should ascertain from the manufacturers the details of the control systems
offered. Unfortunately some of the terms used in this report, such as “integral-reset” and
“proportonal control,” are borrowed from classical controls theory and are not commonly
used by distributors, contractors, or even manufacturers.! This makes the task of
identifying the capabilities of a given system more difficult. Systems can be identified,
‘however, by examining their calibration procedures using the following “tests” as a
guideline. '

1. If the calibration procedure calls only for a nighttime calibration, then the system

uses integral reset control and should typically be avoided for daylighting

applications. It may, however, be quite appropriate for lumen maintenance
control as discussed in Section 7.

2. If the calibration procedure calls for calibration only during the day, the system
probably uses open-loop proportional control. This type of control is reasonably
well suited to daylighting applications. However because open-loop proportional
control results in unwanted additional constraints in the spatal response and
placement of the photosensor, workplane illuminance levels may vary more than
with closed-loop proportional control

3. If the calibration procedure requires calibration both during the day and at night,
the system uses closed-loop proportional control. This type of control is the best
suited for daylighting applications.

Regardless of whether an open- or closed-loop proportional control system is used, the
specifier should require that the calibration controls be accessible from the controlled
building space. This permits easy system calibration and adjustment.

1 The lighting controls industry is sufficiently immature that there are no commonly used terms for
characterizing the different types of control algorithms. It is unfortunate that most of the dimming photo-
electric control systems sold today in the U.S. for daylighting applications are of the integral reset type.
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PHOTOCELL SPATIAL RESPONSE ‘

If the control system selected uses closed-loop proportional control, the ceiling-mounted
photocell should have a large field of view but be blocked from direct light from the
window. This combination of sensor placement and control algorithm is recommended for
most daylighting applications. If the photocell provided by the manufacturer is not
adequately shielded from the window, the photocell should be placed sufficiently far away
from the window so that is does not "see" a large area of the ground outside the building.

With an open-loop proportional control system, an unshielded ceiling-mounted _
photosensor should be used. The photosensor should not be aimed pointing out the
window.

PHOTOSENSOR PLACEMENT

In a room where there is only one task area of interest, the ceiling-mounted control
photosensor should be located above the task. If there are several task areas separated by
some distance, the photocell should be located above a task area that receives a
representative amount of daylight. If the daylight levels at a given time are very different

- between different task areas, separate control zones may be required for each area.

CALIBRATION

After a photoelectric control system is installed and interior furnishings are in place, the
- System response must be calibrated to the particular space conditions. As previously noted,
open- and closed-loop proportional control systems must be calibrated during the day.

In selecting the time at which to perform the daytime calibration, the following guidelines
generally apply:

*  The calibration should be done when the sun is shining and not blocked by
clouds. If the local climate rarely has sunny days, the calibration may be
performed under bright overcast conditions.

*  There should be no direct sun shining into the space at the time of calibration.
Direct sun on the task is especially to be avoided.

*  The contribution of daylight to the required illuminance at the task surface at the
time of calibration should be sufficiently large to cause significant but not full
dimming of the electric lights. For example, if the electric lights can supply 70
footcandles (700 lux) at full light output and dim maximally to 10 footcandles
(100 lux), and the total light level desired is 70 ftc, the system should be
calibrated when the daylight level at the task is slightly under 60 ftc (70 - 10 =
60).



‘‘‘‘‘

»  If the space contains an operable shading device (such as a venetian blind) that
can be controlled by the occupant, the occupant should set the venetian blind to a
comfortable position before calibrating.

Calibration Procedure

The specific procedure for calibrating the response of the photoelectric control system is
system-dependent. Most proportional systems, though, will follow a calibration procedure
similar to that given below.

Nightt ime calibration, If the system uses closed-loop proportional control, the nighttime
setpoint level should be established before the daytime calibration. The nighttime
calibration should be done at night or with all sources of daylight blocked off. (The latter
approach is less desirable). The night setpoint level adjustment should inidally be set so
that the lights are substandally dimmed. Then, if the electric lighting system is intended to
provide full electric light output at night, the setpoint level should be raised until the lights
Just reach full intensity. If the electric lighting system at full light output provides more
light than is necessary at night (e.g., if the lamps are new or the lighting system was
overdesigned), the setpoint level can be backed off until the desired light level is reached.
This completes the nighttime calibraton.

Daytime calibration, Once the appropriate daytime condition has been selected using the
guidelines given above, the daytime calibration may be performed. A photometer is placed
at the task surface, and the adjustment knob that controls the gain of the system response is
adjusted untl the total light level indicated by the photometer (daylight plus electric light)
equals the desired level (generally the light level supplied by full electric lighting at night).
If this light level appears too low compared to the brightness outside, it is permissible to
adjust the electric light level slighty higher. Some caution is required here since if the
electric light level is set too high, energy savings may be minimal.

If the light level from daylight alone is sufficient to exceed the design level, it will be
necessary to calibrate later in the day when the daylight levels have dropped below the
design level. The calibration procedure described above need only be performed once in
each individually controlled space. If done correctly, adjustments should be necessary only
if the furnishings change significantly.

Recommendations with respect to the zoning or grouping of luminaires into separate
control zones is beyond the scope of this report. This topic is covered in References 3 and
8.



Secton 9

CONCLUSION

This study has shown that the ability of daylight-following lighting systems to provide a
minimum specified light level at the task surface is influenced by 1) the control algorithm
used, 2) the spatial response of the ceiling-mounted control photosensor, and 3) the
location of the photosensor relative to task and window. Best performance was obtained
with a closed-loop proportional control system controlled by a photosensor with a large
field of view but shielded from direct light from the window. A minimum specified
illuminance level could be maintained at specific points on the task surface regardless of
daylight condition or room geometry provided that the system gain was properly calibrated
to account for the local luminous environment. The study found that daylight conditions
varied sufficiently due to room orientation, geometry, and window shading system to
preclude the use of factory-preset gain. This implies that proper calibration is prerequisite
to the successful operaton of daylight-following systems and that, in the building
commissioning process, calibration be viewed with the same importance as, for example,
balancing the heating, ventilating, and air-conditioning (HVAC) system. '

The research showed that open-loop proportional control also performed adequately but
offered less precise control than closed-loop systems due to the necessity of using a
photosensor that was not shielded from direct window light. Integral-reset systems
performed poorly, although performance could be improved slightly by completely
shielding the photocell from direct window light. The data suggest that integral-reset
control for daylighting applications should only be used for daylighting applications after
careful evaluation.

The control photosensor should be located, aimed, and shielded in such a way that the
signal generated by the sensor is linearly related to the illuminance at the workplane. A
ceiling-mounted photosensor that viewed a large angle but was shielded from the direct
window luminance produced an output most closely correlated with illuminance at the
workplane. A ceiling-mounted photocell aimed at the window did not produce a signal that
was well correlated with workplane illuminance, indicating that such a configuration should
be avoided.

Finally, these studies indicated that daylight-following systems, if properly designed and
calibrated, have significant potential for reducing peak power needs in daylit spaces and for
reducing overall lighting energy requirements in buildings.
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