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(57) ABSTRACT

A wireless battery-powered daylight sensor for measuring a
total light intensity in a space 1s operable to transmit wireless

signals using a variable transmission rate that 1s dependent
upon the total light intensity in the space. The sensor
comprises a photosensitive circuit, a wireless transmitter for
transmitting the wireless signals, a controller coupled to the
photosensitive circuit and the wireless transmitter, and a
battery for powering the photosensitive circuit, the wireless
transmitter, and the controller. The photosensitive circuit 1s
operable to generate a light intensity control signal 1in
response to the total light intensity in the space. The con-
troller transmits the wireless signals in response to the light
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WIRELESS BATTERY-POWERED
DAYLIGHT SENSOR

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a non-provisional application of com-

monly-assigned U.S. Provisional Application Ser. No.
61/164,098, filed Mar. 27, 2009, entitled METHOD OF

CALIBRATING A DAYLIGHT SENSOR, U.S. Provisional
Application Ser. No. 61/174,322, filed Apr. 30, 2009,
entitled WIRELESS BATTERY-POWERED DAYLIGHT
SENSOR, and U.S. Provisional Application Ser. No. 61/283,
628, filed Dec. 11, 2009, entitled WIRELESS BATTERY-
POWERED DAYLIGHT SENSOR, the entire disclosures of
which are hereby incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mmvention relates to daylight sensors for
measuring the ambient light level (1.e., the total light 1inten-
sity) 1n a space, and more particularly, to a lighting control
system having a lighting control device (such as a dimmer
switch) and a wireless, battery-powered daylight sensor.

2. Description of the Related Art

Many rooms 1n both residential and commercial buildings
are 1lluminated by both artificial light from a lighting load.,
such as an incandescent lamp or a fluorescent lamp, and
daylight (i.e., sunlight) shining through a window. Daylight
sensors (1.e., photosensors) are often used to measure the
total light intensity 1n a space in order to adjust the light
intensity of the lighting load to thus adjust the total light
intensity in the space. For example, the light intensity of th
lighting load may be decreased as the total light intensity
increases, and vice versa. Daylight sensors are typically
mounted to a ceiling 1n the space at a distance from the
window. Since electrical wires (for power and communica-
tion) are typically not located near the position on the ceiling,
to which the daylight sensor must be mounted, it 1s desirable
that the daylight sensor be “wireless” in order to avoid the
need to run electrical wires to the daylight sensor (for
example, 1n a retro-1it installation). Therefore, there 1s a need
for a battery-powered daylight sensor that 1s able to com-
municate wirelessly with a load control device, such as a
dimmer switch.

SUMMARY OF THE INVENTION

According to an embodiment of the present invention, a
wireless battery-powered daylight sensor for measuring a
total light intensity in a space 1s operable to transmit wireless
signals using a variable transmission rate that 1s dependent
upon the total light intensity in the space. The sensor
comprises a photosensitive circuit, a wireless transmitter for
transmitting the wireless signals, a controller coupled to the
photosensitive circuit and the wireless transmitter, and a
battery for powering the photosensitive circuit, the wireless
transmitter, and the controller. The photosensitive circuit 1s
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2

operable to generate a light intensity control signal 1in
response to the total light intensity in the space. The con-
troller transmits the wireless signals 1n response to the light
intensity control signal using the variable transmission rate
that 1s dependent upon the total light intensity 1n the space.
The variable transmission rate may be dependent upon an
amount of change of the total light intensity in the space. In
addition, the vanable transmission rate may be further
dependent upon a rate of change of the total light intensity
in the space.

According to another embodiment of the present inven-
tion, a wireless battery-powered daylight sensor for mea-
suring a total light intensity in a space comprises a photo-
sensitive circuit operable to generate a light intensity control
signal 1n response to the total light intensity in the space, a
wireless transmitter for transmitting wireless signals, a con-
troller coupled to the photosensitive circuit and the wireless
transmitter, and a battery for powering the photosensitive
circuit, the wireless transmitter, and the controller. The
controller 1s operable to transmit a wireless signal 1n
response to the light intensity control signal, and 1s operable
to disable the photosensitive circuit, such that the photosen-
sitive circuit does not draw current from the battery. In
addition, the photosensitive circuit may comprise a photo-
sensitive diode for conducting a photosensitive diode current
having a magnitude responsive to the light intensity in the
space, where the magnitude of the light intensity control
signal 1s responsive to the magnitude of the photosensitive
diode current. The photosensitive circuit may further com-
prise a controllable switch coupled 1n series with the pho-
tosensitive diode, such that the photosensitive diode con-
ducts the photosensitive diode current when the switch 1s
closed. The controller may be coupled to the switch for
opening the switch, such that the photosensitive diode does
not conduct the photosensitive diode current and the pho-
tosensitive circuit 1s disabled.

According to yet another embodiment of the present
invention, a wireless battery-powered daylight sensor for
measuring a total light intensity 1n a space operates as part
of a lighting control system that comprises a dimmer switch
for controlling the amount of power delivered to a lighting
load. The sensor comprises a photosensitive circuit operable
to generate a light intensity control signal in response to the
total light intensity 1n the space, a wireless transmitter for
transmitting wireless signals, a controller coupled to the
photosensitive circuit and the wireless transmitter, and a
battery for powering the photosensitive circuit, the wireless
transmitter, and the controller. The controller 1s operable to
determine, in response to the light intensity control signal, a
new light intensity to which the dimmer switch should
control the intensity of the lighting load. The controller 1s
further operable to enable the wireless transmitter and to
transmit to the dimmer switch a wireless signal including a
command that includes the new light intensity for the
lighting load if the new light intensity differs from a present
light intensity of the lighting load by a predetermined
increment.

According to another aspect of the present invention, a
wireless battery-powered daylight sensor for measuring a
total light intensity 1n a space comprises a photosensitive
circuit operable to generate a light intensity control signal 1n
response to the total light mtensity in the space, a wireless
transceiver for transmitting and receiving wireless signals, a
laser pointer circuit adapted to be exposed to light from a
laser pointer, a controller coupled to the photosensitive
circuit, the wireless transcerver, and the laser pointer circuait,
and a battery for powering the photosensitive circuit, the
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wireless transceiver, and the controller. The controller 1s
operable to transmit a wireless signal in response to the light
intensity control signal. The controller is further operable to
ecnable the wireless transceiver 1n response to light from a
laser pointer shining on the laser pointer circuit, and to
subsequently receive a wireless signal.

Other features and advantages of the present mvention
will become apparent from the following description of the
invention that refers to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The 1invention will now be described 1n greater detail in
the following detailed description with reference to the
drawings 1n which:

FIG. 1 1s a simple diagram of a radio-frequency (RF)
lighting control system comprising a dimmer switch and a
daylight sensor according to the present invention;

FIG. 2 1s a simplified diagram of a room in which the
daylight sensor of FIG. 1 may be mounted;

FIG. 3 shows a few example plots of total light intensities
at the daylight sensor mounted in the room of FIG. 2 with
respect to time during a sunny day, a cloudy day, and an
intermittent-cloudy day;

FIG. 4 1s an enlarged perspective view of the daylight
sensor of FIG. 1;

FIG. § 1s a simplified block diagram of the dimmer switch
of FIG. 1;

FIG. 6A 1s a simplified block diagram of the daylight
sensor of FIG. 1;

FIG. 6B 1s a simplified schematic diagram of the daylight
sensor of FIG. 6A;

FIG. 7 1s a simplified flowchart of a transmission algo-
rithm executed by a controller of the daylight sensor of FIG.
1 according to a first embodiment of the present invention,
such that the daylight sensor transmits digital messages
using a variable transmission rate;

FIG. 8 1s a simplified flowchart of a variable transmission
control procedure executed by the controller of the daylight
sensor of FIG. 1 according to the first embodiment of the

present ivention;

FIG. 9 1s a simplified flowchart of a receive procedure
executed by a controller of the dimmer switch of FIG. 1
according to the first embodiment of the present invention;

FIG. 10A 1s a simplified flowchart of a laser pointer
interrupt procedure executed by the controller of the day-
light sensor of FIG. 1;

FIG. 10B 1s a diagram of an example test setup for the
daylight sensor of FIG. 1 according to the first embodiment
of the present invention;

FIG. 10C 1s a plot of an example test wavetorm for the
daylight sensor of FIG. 1 according to the first embodiment
to be used 1n the test setup shown 1n FIG. 10B;

FIG. 11 1s a simplified flowchart of a varniable transmis-
sion control procedure executed by the controller of the
daylight sensor of FIG. 1 according to a second embodiment
of the present invention;

FIG. 12 1s a simplified flowchart of a receive procedure
executed by the controller of the dimmer switch of FIG. 1
according to the second embodiment of the present inven-
tion;

FIG. 13 1s a simplified flowchart of a load control pro-
cedure executed periodically by the controller of the dimmer
switch of FIG. 1 according to the second embodiment of the
present mvention;
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FIG. 14 1s a simplified flowchart of a variable transmis-
sion control procedure executed by the controller of the

daylight sensor of FIG. 1 according to a third embodiment
of the present invention;

FIG. 15 1s a simplified flowchart of a transmission algo-
rithm executed by the controller of the daylight sensor of
FIG. 1 according to a fourth embodiment of the present
invention;

FIG. 16A 1s a simplified tlowchart of a variable transmis-
sion control procedure executed by the controller of the
daylight sensor of FIG. 1 according to the fourth embodi-
ment of the present invention;

FIG. 16B 1s a plot of an example test wavetform for the
daylight sensor of FIG. 1 according to the fourth embodi-
ment to be used 1n the test setup shown in FIG. 10B; and

FIG. 17 1s a simplified flowchart of a control procedure
executed periodically by the controller of the daylight sensor
of FIG. 1 according to a fifth embodiment of the present
invention.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

The foregoing summary, as well as the following detailed
description of the preferred embodiments, 1s better under-
stood when read 1n conjunction with the appended drawings.
For the purposes of 1llustrating the invention, there 1s shown
in the drawings an embodiment that 1s presently preferred,
in which like numerals represent similar parts throughout the
several views of the drawings, 1t being understood, however,
that the mnvention 1s not limited to the specific methods and
instrumentalities disclosed.

FIG. 1 1s a simple diagram of a radio-frequency (RF)
lighting control system 100 comprising a dimmer switch 110
and a daylight sensor 120 according to a first embodiment of
the present invention. The dimmer switch 110 1s adapted to
be coupled in series electrical connection between an alter-
nating-current (AC) power source 102 and a lighting load
104 for controlling the amount of power delivered to the
lighting load. The dimmer switch 110 may be wall-mounted
in a standard electrical wallbox. Alternatively, the dimmer
switch 110 could be implemented as a table-top load control
device. The dimmer switch 110 comprises a faceplate 112
and a bezel 113 received 1n an opening of the faceplate. The
dimmer switch 110 further comprises a control actuator 114
(1.., a bufton) and an intensity adjustment actuator 116.
Successive actuations of the toggle actuator 114 toggle, 1.¢.,
turn ofl and on, the lighting load 104. Actuations of an upper
portion 116A or a lower portion 116B of the intensity
adjustment actuator 116 respectively increase or decrease
the amount of power delivered to the lighting load 104 and
thus increase or decrease a present light itensity Loy .o of
the lighting load 104 from a minimum intensity (e.g., 1%) to
a maximum intensity (e.g., 100%). A plurality of visual
indicators 118, e.g., light-emitting diodes (LEDs), are
arranged 1n a linear array on the left side of the bezel 113.
The visual indicators 118 are illuminated to provide feed-
back of the intensity of the lighting load 104. An example of
a dimmer switch having a toggle actuator 114 and an

intensity adjustment actuator 116 1s described in greater
detall 1n U.S. Pat. No. 5,248,919, i1ssued Sep. 29, 1993,

entitled LIGHTING CONTROL DEVICE, the entire disclo-
sure of which 1s hereby incorporated by reference.

The daylight sensor 120 1s mounted so as to measure a
total light intensity L.~ ..« 10 the space around the daylight
sensor (1.e., 1n the vicinity of the lighting load 104 controlled
by the dimmer switch 110). The daylight sensor 120 includes
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an internal photosensitive circuit, e.g., a photosensitive
diode 232 (FIG. 6A), which 1s housed 1n an enclosure 122
having a lens 124 for conducting light from outside the
daylight sensor towards the internal photosensitive diode
232. The daylight sensor 120 1s responsive to the total light
intensity L. <o measured by the internal photosensitive
circuit. Specifically, the daylight sensor 120 1s operable to
wirelessly transmit digital messages (i.e., wireless signals)
to the dimmer switch 110 via RF signals 106, such that the
dimmer switch 110 controls the present light intensity L5 -«
of the lighting load 104 1n response to the total light intensity
L <o measured by the daylight sensor 120.

During a setup procedure of the RF lighting control
system 100, the daylight sensor 120 may be assigned to (1.e.,
associated with) the dimmer switch 110. As mentioned
above, the daylight sensor 120 transmits digital messages
wirelessly via the RF signals 106 to the dimmer switch 110
in response to the total light imntensity L o.«r measured by
the daylight sensor. A digital message transmitted by the
daylight sensor 120 includes, for example, identifying infor-
mation, such as, a serial number (1.e., a unique 1dentifier)
associated with the daylight sensor. The dimmer switch 110
1s responsive to messages containing the serial numbers of
the daylight sensor 120 to which the dimmer switch 1s
assigned. Each digital message may further comprise a value
representative of the measured total light intensity L~ <\ on
measured by the daylight sensor 120 (e.g., in foot-candles).
Accordingly, the dimmer switch 110 controls the present
light intensity L ..~ of the lighting load 104 1n response to
receiving a digital message with the total light intensity
L «nven as measured by the daylight sensor 120. According
to the present invention, the daylight sensor 120 1s operable
to transmait digital messages to the dimmer switch 110 using,
a variable transmission rate 1. that i1s dependent upon the
measured total light intensity L. cr,, such that the daylight
sensor 120 only transmits digital messages when needed (as
will be described 1n greater detail below).

Examples of RF lighting control systems are described in

greater detail in U.S. patent application Ser. No. 12/033,223,
filed Feb. 19, 2008, entitled COMMUNICATION PROTO-

COL FOR A RADIO-FREQUENCY LOAD CONTROL
SYSTEM; U.S. patent application Ser. No. 12/203,518, filed
Sep. 3, 2008, entitled RADIO-FREQUENCY LIGHTING
CONTROL SYSTEM WITH OCCUPANCY SENSING;
U.S. patent application Ser. No. 12/203,500, filed Sep. 3,
2008, entitled BATTERY-POWERED OCCUPANCY SEN-
SOR; and U.S. patent application Ser. No. 12/371,027, filed
Feb. 13, 2009, entitled METHOD AND APPARATUS FOR
CONFIGURING A WIRELESS SENSOR, the entire dis-
closures of which are hereby incorporated by reference.

Alternatively, the dimmer switch 110 could be replaced
with an electronic switch comprising, for example, a relay,
for simply toggling the lighting load 104 on and off. The
clectronic switch could be adapted to simply turn the light-
ing load 104 on when the measured total light intensity
L envep drops below a predetermined threshold and turn the
lighting load off when the measured total light intensity
L+ «nor F1s€s above approximately the predetermined thresh-
old (e.g., using some hysteresis).

The lighting control system 100 could additionally com-
prise one or more motorized window treatments, such as
roller shades, draperies, Roman shades, or blinds, for con-
trolling the amount of daylight entering the space around the
daylight sensor 120. Examples of load control systems

having motorized window treatments are described in
greater detaill in U.S. Pat. No. 7,111,932, 1ssued Sep. 26,

2006, entitled SYSTEM TO CONTROL DAYLIGHT AND
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ARTIFICIAL ILLUMINATION AND SUN GLARE IN A
SPACE, the entire disclosure of which 1s hereby incorpo-
rated by reference.

FIG. 2 1s a simplified diagram of a room 130 in which the
daylight sensor 120 may be mounted. The daylight sensor
120 1s mounted to a ceiling 132 of the room 130 at a distance
from a window 134 through which natural light (1.e., day-
light) shines. The lighting load 104 1s also mounted to the
ceiling 132 of the room. The room 130 contains a task
surface 136 (e.g., a table) that 1s illuminated by the natural
light shining through the window 134 and the electric light
(1.e., artificial light) generated by the lighting load 104.
Thus, a total light intensity L. -, <~ produced on the task
surface 136 1s the sum of a light intensity L ,_., .- on the task
surface from only daylight entering the room 130 through
the window 134 and a light intensity L. ., .. on the task
surface from only the lighting load 104 (.e., L, -, o=
L 7o+l ~,oz). The daylight sensor 120 1s operable to
measure the total light intensity L. ..o at the daylight
sensor, which 1s also a combination of the natural light and
the electric light in the room 130. The natural and electric
light that shine onto the task surface 136 may be retlected to
the daylight sensor 120, while the natural light from the
window 134 may shine directly onto the daylight sensor.
Thus, the total light intensity L. c.or measured by the
daylight sensor 120 1s the sum of a light intensity L 5_cr-o» at
the daylight sensor from only daylight entering the room 130
through the window 134 and a light intensity L. ... at the
daylight sensor from only the lighting load 104 (i.e.,

Lz snvse=Lpsvsrtlz-snsw)-
The dimmer switch 110 adjusts the present light intensity

L »»~< 01 the lighting load 104 so as to control the total light
intensity L. ., - on the task surface 136 towards a target
total task surface light mtensity L. 47,z For example,
the target total task surface light intensity L . - -, <z may be
preset to be approximately fifty foot-candles. In addition, the
target total task surface light intensity L -7 -, may be
decreased by actuating the intensity adjustment actuator 116.
Alternatively, the dimmer switch 110 could be operable to
receive one or more digital messages from an advanced
programming device, such as a personal digital assistant
(PDA) or a personal computer (PC), such that the target total
task surtace light intensity L - - -, < may be entered using
a graphical user interface (GUI) and transmitted to the
dimmer switch 110. Further, the target total task surface light
intensity L - -, <z could alternatively be adjusted using an
advanced programming mode of the dimmer switch 110. An
example of an advanced programming mode for a dimmer
switch 1s described 1n greater detail in U.S. Pat. No. 7,190,
125, 1ssued Mar. 13, 2007, entitled PROGRAMMABLE
WALLBOX DIMMER, the entire disclosure of which 1s
hereby incorporated by reference.

Since the total light intensity L. .. measured by the
daylight sensor 120 (e.g., as reflected on the daylight sensor)
1s less than the total light intensity L. -, o shining directly
on the task surface 136, the lighting control system 100 is
characterized by one or more gains. Specifically, the dimmer
switch 110 uses a daylight gain G, and an electrical light
gain G to control the present intensity L, of the lighting
load 104. The daylight gain G, 1s representative of the ratio
between the light intensity L, ., .- on the task surface 136
from only daylight and the light intensity L 5_c<r measured
by the daylight sensor 120 from only daylight @.e.,
Gr=Lp. rox’Lp.enen). The electric light gain G, 1s repre-
sentative of the ratio between the light intensity L, <= on
the task surface 136 from only the lighting load 104 and the

light imtensity L, ., measured by the daylight sensor 120
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from only the lighting load (1.e., G.=L . -, <x/Lz_crcr). The
daylight gain G,, and the electrical light gain G, of the
lighting control system 100 are set during a gain calibration
procedure. An example of a gain calibration procedures are
described 1n greater detail 1n commonly-assigned, co-pend-

ing U.S. patent application Ser. No. 12/727,923, filed Mar.
19, 2010, entitled METHOD OF CALIBRATING A DAY-
LIGHT SENSOR, the entire disclosure of which 1s hereby
incorporated by reference.

During days when there are intermittent clouds passing
the building 1n which the room 130 1s located, the total light
intensity L .« at the daylight sensor 120 may fluctuate
between high values when the clouds are not blocking the
sunlight and low values when the clouds are blocking the
sunlight. FIG. 3 shows a few example plots of the total light
intensity L. ..«r as measured by the daylight sensor 120
with respect to time during a sunny day, a cloudy day, and
an intermittent-cloudy day. The total light intensity L caep
during a day typically takes the shape of a parabola. On a
sunny day, a total sunny-day light intensity L. o,y may
increase from sunrise (at time to,rn7or) 10 @ maximum
sunny-day light mtensity L,/ <;mvy around midday (at
time t,,,,y), and then decrease until sunset (at time
tervepr). On a cloudy day, a total cloudy-day light intensity
L. 7oy May increase from sunrise to a maximum
cloudy-day light intensity L, ., +- ~7 orny-around midday, and
then decreases until sunset. The maximum sunny-day light
intensity L, ., v ;- 18 typically greater than the maximum
cloudy-day light mtensity L, v ~r 0y On a day having
intermittent clouds, a total light intensity L ,~ may fluctuate
between the total cloudy-day light intensity L. -, .y and
the total sunny-day light intensity L. ¢; nary-as shown 1n FIG.
3.

FIG. 4 1s an enlarged perspective view of the daylight
sensor 120. The lens 124 1s transparent such that the light
from the room 130 1s able to shine onto the internal
photosensitive diode 232 of the daylight sensor 120. The
daylight sensor 120 1s positioned on the ceiling 132 such that
an arrow 140 points towards the window 134, such that lens
124 1s directed towards the window 134. As a result, more
natural light than artificial light will shine through the lens
124 and onto the internal photosensitive diode 232. A
plurality of actuators (e.g., a calibration button 150, a test
button 152, and a link button 154) are used during the setup
and calibration procedures of the daylight sensor 120. The
daylight sensor 120 further comprises a laser-pointer receiv-
ing opening 156, which 1s adapted to recerve energy from a
laser pointer (not shown). The daylight sensor 120 1s respon-
sive to the energy of the laser pointer shining through the
laser-pointer receiving opening 156. When the daylight
sensor 120 1s mounted to the ceiling 132, a user may shine
the laser pointer through the opening 156 rather than actu-
ating the calibration button 150 during the gain calibration
procedure.

FIG. § 1s a simplified block diagram of the dimmer switch
110. The dimmer switch 110 comprises a controllably con-
ductive device 210 coupled 1n series electrical connection
between the AC power source 102 and the lighting load 104
for control of the power delivered to the lighting load. The
controllably conductive device 210 may comprise any suit-
able type of bidirectional semiconductor switch, such as, for
example, a triac, a field-eflect transistor (FET) 1n a rectifier
bridge, or two FETs 1n anti-series connection. The control-
lably conductive device 210 includes a control input coupled
to a drive circuit 212. The controllably conductive device
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210 1s rendered conductive or non-conductive in response to
the control input, which 1n turn controls the power supplied
to the lighting load 104.

The drive circuit 212 provides control mputs to the
controllably conductive device 210 in response to control
signals from a controller 214. The controller 214 1s, for
example, a microcontroller, but may alternatively be any
suitable processing device, such as a programmable logic
device (PLD), a microprocessor, or an application specific
integrated circuit (ASIC). The controller 214 receives iputs
from the control actuator 114 and the intensity adjustment
actuator 116 and controls the visual indicators 118. The
controller 214 1s also coupled to a memory 216 for storage
ol the preset intensity of lighting load 104, the serial number
of the daylight sensor 120 to which the dimmer switch 110
1s assigned, the daylight gain G5, the electrical light gain G,
and other operational characteristics of the dimmer switch
110. The controller 230 may recall the daylight gain G, and
the electrical light gain G, from the memory 216 at startup.
The memory 216 may be implemented as an external
integrated circuit (IC) or as an internal circuit of the con-
troller 214. A power supply 218 generates a direct-current
(DC) voltage V. for powering the controller 214, the
memory 216, and other low-voltage circuitry of the dimmer
switch 110.

A zero-crossing detector 220 determines the zero-cross-
ings of the mput AC waveform from the AC power supply
102. A zero-crossing 1s defined as the time at which the AC
supply voltage transitions from positive to negative polarity,
or from negative to positive polarity, at the beginming of
cach half-cycle. The zero-crossing information 1s provided
as an mnput to controller 214. The controller 214 provides the
control signals to the drive circuit 212 to operate the
controllably conductive device 210 (1.e., to provide voltage
from the AC power supply 102 to the lighting load 104) at
predetermined times relative to the zero-crossing points of
the AC wavelorm using a phase-control dimming technique.

The dimmer switch 110 further comprises an RF trans-
ceiver 222 and an antenna 224 for receiving the RF signals
106 ifrom the daylight sensor 120. The controller 214 1s
operable to control the controllably conductive device 210 1n
response to the messages recerved via the RF signals 106.
Examples of the antenna 224 for wall-mounted dimmer

switches, such as the dimmer switch 110, are described 1n
greater detail in U.S. Pat. No. 5,982,103, issued Nov. 9,

1999, and U.S. Pat. No. 7,362,285, 1ssued Apr. 22, 2008,
both entltled COMPACT RADIO FREQUENCY TRANS-
MITTING AND RECEIVING ANTENNA AND CON-
TROL DEVICE EMPLOYING SAME. The entire disclo-
sures of both patents are hereby incorporated by reference.

FIG. 6A 1s a simplified block diagram of the daylight
sensor 120. The daylight sensor 120 comprises a controller
230 that 1s responsive to a photosensitive circuit 231, which
includes the photosensitive diode 232. The cathode of the
photosensitive diode 232 1s coupled to the controller 230 via
a transimpedance amplifier 234, which operates as a current-
to-voltage converter. The anode of the photosensitive diode
232 1s coupled to circuit common through a controllable
switch 235, which allows the controller 230 to enable and
disable the photosensitive circuit 231 (using a photosensitive
circuit enable control signal V.. o mr2) as will be
described in greater detail below.

The photosensitive diode 232 conducts a photosensitive
diode current 1., having a magnitude dependent upon the
magnitude of the light that shines on the photosensitive
diode (i.e., the total light intensity L .. as measured by
the daylight sensor 120). The transimpedance amplifier 234
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provides the controller 230 with a total light intensity control
signal V., representative of the total light intensity L.
snsr. Specifically, the magnitude of the total light intensity
control signal V ., generated by the transimpedance ampli-
fier 234 1s dependent upon the magnitude of the current 1.,
conducted by the photosensitive diode 232, and thus the total
light intensity L.. o\op. The controller 230 comprises an
analog-to-digital converter (ADC), such that the controller 1s
operable to sample the total light intensity control signal
V -~ 10 generate a total light intensity sample S, The
controller 230 uses a sampling period T, ,»; of, for example,
approximately one second, such that the controller samples
the total light mtensity control signal V., approximately
once every second during normal operation of the daylight
sensor 120.

The daylight sensor 120 further comprises an RF trans-
ceiver 236, which 1s coupled to the controller 230 and an
antenna 238. The controller 230 1s operable to cause the RF
transceiver 236 to transmit digital messages to the dimmer
switch 110 wvia the RF signals 106 in response to the
magnitude of the total light intensity control signal V..
The controller 230 may also be operable to receive a digital
message from the dimmer switch 110 or another remote
control device, such as a personal digital assistant (PDA),
tor configuring the operation of the daylight sensor 120. The
controller 230 provides the digital message to be transmitted
by the RF transceiver 236 and obtains received digital
messages from the RF transmitter via an RF data control
signal V.- ... The controller 230 also i1s operable to
enable and disable the RF transceiver via an RF enable
control signal V. zausr e Alternatively, the RF transceiver
236 of the daylight sensor 120 could comprise an RF
transmitter and the RF transceiver 222 of the dimmer switch
110 could comprise an RF receiver to allow for one-way
communication between the daylight sensor and the dimmer
switch. The RF transmitter may comprise, for example, part
number CC1150 manufactured by Texas Instruments Inc.

The controller 230 of the daylight sensor 120 1s also
responsive to a plurality of actuators 240 (1.e., the calibration
button 150, the test button 1352, and the link button 154),
which provide user mputs to the daylight sensor for use
during calibration of the daylight sensor. The controller 230
1s operable to control one or more LEDs 242 to i1lluminate

the daylight sensor 120. A laser pointer circuit 244 1s
coupled to the controller 230 and 1s responsive to light that
shines through the laser-pointer receiving opening 156 from
a laser pointer. Specifically, the controller 230 responds to an
input from the laser pointer circuit 244 1n the same manner
as an actuation of the calibration button 1350. The controller
230 1s further coupled to a memory 246 for storing the
operational characteristics of the daylight sensor 120. The
daylight sensor 120 also comprises a battery V1 that pro-
vides a battery voltage V., .. (e.g., approximately three
volts) for powering the controller 230, the photosensitive

circuit 231, the RF transceiver 236, and the other circuitry of

the daylight sensor 120.

The controller 230 1s operable to control the photosensi-
tive circuit 231 and the RF ftransceiver 236 in order to
conserve battery power. Specifically, the controller 230 1s
operable to enable the photosensitive circuit 231 (by closing
the switch 235 via the photosensitive circuit enable control
signal V¢ za,5r) f0or a small time period T,, (e.g., 50
msec) during each sampling period T, ,»,, such that that the
photosensitive diode 232 only conducts current for a portion
of the time during normal operation (e.g., 5% of the time).
In addition, the controller 230 only enables the RF trans-

the lens 124 to thus provide feedback during calibration of

10

15

20

25

30

35

40

45

50

55

60

65

10

ceiver 236 (via the RF enable control signal V- 257 2)
when required. As previously mentioned, the controller 230
only enables the RF transceiver 236 to transmit digital
messages when needed, 1.e., using the variable transmission
rate (as will be described 1n greater detail below with
reference to FI1G. 8). The controller 230 only enables the RF
transceiver 236 to receive digital messages 1n response to the
laser pointer circuit 244 receiving light from a laser pointer
through the laser-pointer receiving opening 156. When the
photosensitive circuit 231 and the RF transceiver 236 are
disabled, the controller 230 1s operable to enter a sleep mode
in which the controller consumes less power.

FIG. 6B 1s a simplified schematic diagram of the daylight
sensor 120 showing the transimpedance amplifier 234 and
the laser pointer circuit 244 1n greater detail. The transim-
pedance amplifier 234 comprises an operational amplifier
(“op-amp”) U250 having a non-inverting mput terminal
coupled to circuit common. A feedback resistor [8252] R252
1s coupled between an inverting input terminal and an output
terminal of the op-amp U250. The output terminal of the
op-amp U250 provides to the controller 230 the total light
intensity control signal V ., which has a magnitude that
varies 1n response to the magnitude of the photosensitive
diode current 1.,,. The cathode of the photosensitive diode
232 is coupled to the inverting input terminal of the op-amp
U250, such that the photosensitive diode current 1., 1s
conducted through the feedback resistor R252. Thus, the
magnitude of the total light intensity control signal V.- 1s
dependent upon the magnitude of the photosensitive diode
current 1., and the resistance of the feedback resistor [8252]
R252. For example, the resistor R252 may have a resistance
of approximately 300 k&2, such that the magnitude of the
total light intensity control signal V ,,-ranges from approxi-
mately zero volts to three volts as the light intensity shiming
directly on the photosensitive diode 232 ranges from
approximately zero lux to 1000 lux.

The transimpedance amplifier 234 further comprises a
teedback capacitor C254 (e.g., having a capacitance of
approximately 0.022 uF) for providing some low-pass fil-
tering, such that the magnitude of the total light intensity
control signal V., 1s not responsive to high-frequency
noise 1n the photosensitive diode current I ,,. In addition, the
op-amp U250 1s powered from the battery V1 through a
low-pass filter comprising a resistor 8236 (e.g., having a
resistance of approximately 22€2 and a capacitor C258 (e.g.,
having a capacitance ol approximately 0.1 uF). The low-
pass lilter prevents high-frequency noise that may be
coupled to the battery V1 from the RF transceiver 236 from
allecting the operation of the photosensitive circuit 231.

The laser pointer circuit 244 comprises a laser-responsive
clement, e.g., a light-emitting diode (LED) D260. The LED
D260 1s positioned inside the daylight sensor 120 such that
light from a laser pointer may shine through the laser-pointer
receiving openming 156 and onto the LED. The LED D260
may be a green LED, such that a laser current I, , ..
conducted through the LED increases in magnitude when a
green laser pointer 1s shined onto the LED. A resistor R262
1s coupled between the anode of the LED D260 and circuit
common and has, for example, a resistance of approximately
1 ME. A capacitor C264 1s coupled in parallel with the
resistor R262 and has, for example, a capacitance of
approximately 0.01 pF. The junction of the LED D260 and
the resistor R262 1s coupled to the controller 230 through a
capacitor C265 (e.g., having a capacitance of approximately
0.22 uF) and a resistor 8266 (e.g., having a resistance of
approximately 10 k&£2). The junction of the capacitor C265
and the resistor 8266 1s coupled to circuit common through
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a resistor (e.g., having a resistance of approximately 1 M£2).
When a laser pointer 1s shined onto the LED D260 and the

laser current I, ,.-» increases i magnitude, the voltage
across the parallel combination of the resistor R262 and the
capacitor C264 also increases 1 magnitude. Accordingly,
the capacitor C265 conducts a pulse of current and the laser
pointer control signal V; , .. also increases in magnitude.
The 1nput of the controller 230 that recerves the laser pointer
control signal V; , .., 1s an interrupt pin, such that the
controller 230 1s operable to come out of sleep mode 1n
response to the laser pointer. The controller 230 may then be
operable to enable the RF transceiver 236 to receive a digital

message as will be described 1n greater detail below with
reference to FIG. 10A.

According to the present invention, the daylight sensor
120 1s operable to transmit digital messages to the dimmer
switch 110 using the variable transmission rate that 1s
dependent upon the present change in the total light intensity
L «ver as measured by the daylight sensor 120. The day-
light sensor 120 1s operable to determine the total light
intensity L. oo Irom the magnitude of the total light
intensity control signal V... and to only transmit one or
more values representative of the total light intensity L - caon
(e.g., 1n foot-candles) to the dimmer switch 110 when the
total light intensity L. .r.-» has changed by at least a first
predetermined percentage AS,,,s,. Since the total light
intensity L. ..o @s measured by the daylight sensor 120
changes throughout a typical day, the vanable transmission
rate also changes throughout the day (as shown 1n FIG. 3).
The variable transmission rate ensures that the daylight
sensor 120 only transmits digital messages when needed
(1.e., when the total light intensity L. .\ cp 1S changing
quickly, but not too quickly). Because the controller 230 1s
able to disable the photosensitive circuit 231 (by opening the
switch 235 wvia the photosensitive circuit enable control
signal V.o zaunre), the daylight sensor 120 1s able to
conserve battery power by not transmitting digital messages
to the dimmer switch 110 as often when the total light
intensity L. ...o» 18 relatively constant with respect to time.

FIG. 7 1s a simplified tflowchart of a transmission algo-
rithm 300 executed by the controller 230 of the daylight
sensor 120 according to the first embodiment of the present
invention, such that the daylight sensor 120 transmuits digital
messages using the variable transmission rate. The trans-
mission algorithm 300 as shown in FIG. 7 1s generalized and
specific embodiments are detailed below. According to the
first embodiment, the controller 230 collects a predeter-
mined number N, », of measurements of the total light
intensity L.« (€.2., ten) during consecutive non-overlap-
ping time intervals (1.e., windows) that each have a length
equal to a predetermined time period T, (.e.,
T2 Neoror Tormr ). The controller 230 determines one or
more estimators from a previous time interval and uses the
estimator to estimate one or more predicted light intensity
values 1n the present time interval. At end of the present time
interval, the controller 230 determines whether a digital
message including one or more values representative of the
total light intensity L. cr.n should be transmitted to the
dimmer switch 110 1n response to the error between the
measured light intensity values and the predicted light
intensity values. The transmission algorithm 300 1s executed
with at a period equal to the predetermined time period
T ;- Accordingly, the minimum time period between trans-
missions by the daylight sensor 120 according to the first
embodiment 1s equal to the predetermined time period T ;..
For example, the predetermined time period T, may be
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approximately ten seconds, but may alternatively range from
approximately five seconds to thirty seconds.

Referring to FIG. 7, the controller 230 first measures the
predetermined number N,,», of new total light intensity
values at step 310, and stores the measured total light
intensity values at step 312. Next, the controller 230 deter-
mines the predicted light intensity value(s) at step 314 using
the estimator(s) determined during one of the previous time
intervals, and calculates an error between the measured total
light intensity values and the predicted total light intensity
values at step 316. If the error 1s outside of predetermined
limits (1.e., 1s too great) at step 318, the controller 230
calculates the new estimator(s) for use during the subsequent
time interval at step 320 and transmits a digital message
including one or more values representative of the total light
intensity L. .o @s measured by the daylight sensor 120 to
the dimmer switch 110 at step 322. For example, the
controller 230 may transmit one or more of the measured
total light intensity values to the dimmer switch 110. Alter-
natively, the controller 230 may transmit the new
estimator(s) determined at step 320 to the dimmer switch
110. After transmitting a digital message to the dimmer
switch 110, the transmission algorithm 300 loops around,
such that the controller 230 may collect the predetermined
number N, -, of measurements of the total light intensity
L «vor during the subsequent non-overlapping time inter-
val. If the error 1s within the predetermined limits at step
318, the controller 230 does not calculate the new
estimator(s) at step 320 and does not transmit the value
representative of the total light intensity L. ... at step 324,
but simply analyzes the next non-overlapping time interval.

According to the first embodiment of the present inven-
tion, the controller 230 of the daylight sensor 120 uses a
single data point as the estimator. For example, the control-
ler 230 may use the mimmum value of the measured light
intensity values from the previous time interval as the
estimator. Alternatively, the controller 230 may use the
average or median value of the measured light intensity
values from the previous time interval as the estimator. Since
the estimator 1s a single data point, the controller 230 only
uses one predicted light intensity value at step 314 of the
transmission algorithm 300. For example, the predicted light
intensity value may be equal to the estimator. The controller
230 then calculates the error using the mimumum value of the
measured light mntensity values from the present time inter-
val and the predicted light intensity value (i.e., the estima-
tor).

FIG. 8 1s a simplified flowchart of a vaniable transmission
control procedure 400 executed by the controller 230 of the
daylight sensor 120 according to the first embodiment of the
present invention. The controller 230 executes the variable
transmission control procedure 400 periodically (e.g.,
approximately once every second) during normal operation
in order to sample the total light intensity control signal
V -»7 10 thus collect the predetermined number N, -, of
samples (e.g., approximately ten samples) during each of the
consecutive non-overlapping time ntervals. Specifically, the
controller 230 first enables the photosensitive circuit 231 at
step 410 by closing the controllable switch 235 using the
photosensitive circuit enable control signal Vo« 257z The
controller 230 waits for the time period T,,, (i.e., 50 msec)
at step 412 to allow the photosensitive diode current 1., to
become representative of the total light intensity L. \,c» at
the daylight sensor 120. The controller 230 samples the total
light intensity control signal V., to generate a new total
light intensity sample S, at step 414, and disables the
photosensitive circuit 231 by opening the switch 235 using
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the photosensitive circuit enable control signal V¢ pyvysre
at step 416. The controller 230 then increments a variable n
by one at step 418 and stores the new total light intensity
sample S, as sample S[n] 1n the memory 246 at step 420.
If the variable n 1s less than the predetermined number
N1y 0f samples at step 422, the varnable transmission
control procedure 400 simply exits without processing the
samples S[n] stored 1n the memory 246. The controller 230
will execute the variable transmission control procedure 400
once again to collect a new sample of the total light intensity
control signal V.

If the variable n 1s greater than or equal to the predeter-
mined number N, ., of samples at step 422, the controller
230 processes the samples S[n] stored 1n the memory 246 1n
order to determine 11 a digital message should be transmuitted
to the dimmer switch 110. First, the controller 230 resets the
variable n to zero at step 424. The controller 230 then
determines if the total light intensity L. ....» has changed by
at least the first predetermined percentage AS,, . Specifi-
cally, the controller 230 determines a present minimum
sample S, . »=< 0f the samples S[n] stored in the memory
246 (1.e., samples S[0] through S[N.,,»,]) at step 426. The
controller 230 then calculates a minimum sample adjustment
percentage AS, .., that 1s representative of the amount of
change of the total light intensity L. ..,.» at step 428 using
the equation:

ISAFIN—PRS — SM IN—PRY (Equation 1)

ASyiv =
SMIN-PRV

where the sample S, ,,.; »~;-1s the previous minimum sample
determined during the previous time period T, that 1s
stored 1n the memory 246. If the minimum sample adjust-
ment percentage AS, ., 1s less than the first predetermined
percentage AS, ., at step 430, the variable transmission
control procedure 400 exits without the controller 230
transmitting a digital message to the dimmer switch 110. In
other words, the controller 230 has determined that the total
light intensity L~ <,<» has not changed significantly enough
to merit a transmission of a digital message. For example,
the first predetermined percentage AS, /-, may be approxi-
mately 15%, but may alternatively range from approxi-
mately 1% to 20%.

If the mimmimum sample adjustment percentage AS, -, 18
greater than or equal to the first predetermined percentage
AS, v at step 430, the controller 230 sets the previous
minimum sample S, ... ~~,- equal to the present minimum
sample S, /. »r< at step 432. The controller 230 then loads
a digital message including a value representative of the
total light intensity L. ..or as measured by the daylight
sensor 120 (e.g., in foot-candles) 1 a transmit (1X) builer
at step 434, before the variable transmission control proce-
dure 400 exits. For example, the controller 230 may include
the minimum present minimum sample S, . »pc 11 the
digital message loaded into the TX builer. The controller 230
will transmit the digital message to the dimmer switch 110
via the RF signals 106 using a transmit procedure (not
shown). An example of a transmit procedure 1s described 1n
previously-referenced U.S. patent application Ser. No.
12/203,518.

FI1G. 9 1s a simplified flowchart of a receive procedure 500
executed by the controller 214 of the dimmer switch 110
when a digital message 1s received from the daylight sensor
120 at step 510. As previously mentioned, the dimmer
switch 110 adjusts the present light intensity L. of the
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lighting load 104 so as to control the total light intensity
L. .« On the task surface towards the target total task
surface light intensity L4 z7 7,z Specifically, the dimmer
switch 110 uses a present dimming percentage d,r.o 1O
control the present light intensity L., - of the lighting load
104. The present dimming percentage d, . 1s calculated 1n
response to the recerved digital messages and a target task
surface light mtensity value L -7 -, during the receive
procedure 500. For example, the present dimming percent-
age d,,-- may be a number between zero and one. The
controller 214 may apply the present dimming percentage
d,» < to different dimming curves depending upon the load
type of the lighting load 104 (1.e., incandescent, fluorescent,
etc.) to determine the actual new present light intensity
L -~ 01 the lighting load.

Referring to FIG. 9, 1t the received digital message does
not include a light intensity value recerved from the daylight
sensor 120 at step 512, the controller 214 processes the
digital message approprately at step 514 and the receive
procedure 500 exits. For example, the digital message may
comprise a calibration message transmitted during a cali-
bration procedure of the daylight sensor 120. However, 11 the
received digital message includes a light intensity value at
step 512, the controller 214 stores the total light intensity
L «ven as measured by the daylight sensor 120 (and as
received 1n the digital message) in the memory 248 at step
516. As noted above, the value representative of the total
light intensity L. .ro» 10 the received digital message may
be equal to the minimum present minimum sample S, - 75«
from the varniable transmission control procedure 400
executed by the controller 230 of the daylight sensor 120

(1.e.; Lz svse=Samgn-rrs)-
At step 518, the controller 214 calculates the light inten-

sity L. «rop measured by the daylight sensor 120 from only
the lighting load 104 using the electric light gain G, 1.e.,

dpres * Ly —rask (Equation 2)

Gg

Le_svsr =

where L.,, -, represents the light intensity on the task
surface 136 from only the lighting load 104 when the
lighting load 1s at the maximum light intensity. For example,
the controller 214 may set the light intensity L., , -, or- from
Equation 2 equal to the light intensity L. ., on the task
surface from only the lighting load 104 (from the gain
calibration procedure), or to a predetermined value, such as,
fifty foot-candles. At step 520, the controller 214 calculates
the light intensity L, .o at the daylight sensor 120 from
only natural light by subtracting the light mtensity Lz crron
at the daylight sensor from only the lighting load 104 (as
calculated at step 518) from the total light intensity L crren
measured by the daylight sensor (as received 1n the digital
message), 1.€.,

Lp snse=Lrsnsr—LEe_snsr: (Equation 3)

At step 522, the controller 214 calculates the light intensity
L . -,<z On the task surface from only daylight by multiply-
ing the light intensity L, .\ op at the daylight sensor 120
from only daylight by the daylight gain G, 1.¢.,

Lp 74s5=CGp Lp snsr- (Equation 4)

At step 524, the controller 214 calculates the new present
dimming percentage d,».. as a function of the target total
task surface light intensity L -7 .oz, the light 1intensity
L .-,z 0n the task surface from only daylight, and the light
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intensity L.,, -, on the task surface 136 from only the
lighting load 104 when the lighting load 1s at the maximum
light intensity, 1.¢.,

Lrrer-1ask —Lp-Task (Equation 5)

dpres =
Lev—Task

Finally, the controller 214 controls the lighting load 104
according to the new present dimming percentage dpp ..
betore the receive procedure 500 exits.

FIG. 10A 1s a simplified flowchart of a laser pointer
interrupt procedure 600 executed by the controller 230 1n
response to the laser pointer circuit 244 detecting light from
a laser pointer when the controller 1s 1n the sleep mode.

Specifically, when the laser pointer control signal V; , -5 18
pulled high towards the battery voltage V- at step 610,
the controller 230 first enables the RF transceiver 236 via the
RF enable control signal V.- zr,mrr at step 612. The
controller 230 then waits until a digital message is received
at step 614 or a timeout expires at step 616. If a digital
message 1s received at step 614 (e.g., from the dimmer
switch 110), the controller 230 stores the received digital
message 1n a recerve (RX) buller at step 618, such that the
controller 230 may process the received digital message at
a later time. The controller 230 then disables the RF trans-
cerver 236 via the RF enable control signal V.. o\ 57 at
step 620, and the laser pointer interrupt procedure 600 exits.
I1 the timeout expires at step 616 before a digital message 1s
received at step 614, the controller 230 simply disables the
RF transceiver 236 at step 620, before the laser pointer
interrupt procedure 600 exits.

FIG. 10B 1s a diagram of an example test setup 6350 and
FIG. 10C 1s a plot of an example test wavetorm 670 for the
daylight sensor 120 of the first embodiment. The test setup
650 comprises test box 632 having a first compartment 1n
which a test lighting load 604 1s located and a second
compartment in which the daylight sensor 120 and a light
meter 654 are located. The first and second compartments of
the test box 652 are separated by a light diffuser 656. The test
setup 650 further comprises a personal computer (PC) 658,
which coupled to the daylight sensor 120 and the light meter
654 via serial connections 662. The PC 1s operable to adjust
the intensity of the lighting load 604 using a dimmer circuit
660 according to the test waveform 670 and to observe the
transmission rate of the daylight sensor 120 as well as the
actual light intensity as measured by the light meter 654. The
test wavelorm 670 controls the intensity of the test lighting
load 604 linearly from a minimum test imntensity L, 10 a
maximum test intensity L.~ , .,s-and has a length T -, such
that the test waveform 670 has a slope m ror, 1.€., Mpe—=
(L rsio—Lram) T o I the test wavelorm 670 has a first
slope, the rate of transmission of the daylight sensor 120 of
the first embodiment will remain constant at a first rate. For
example, the minimum test intensity L., may be zero
foot-candles, the maximum test intensity L ,,,--may be 50
toot-candles, and the length T .. may be two hours. I the
test wavelorm 670 1s altered to have a second slope less than
the first slope (e.g., if the length T.,.., 1s increased to
approximately three hours), the rate of transmission of the
daylight sensor 120 will change to a second rate less than the
first rate.

According to a second embodiment of the present inven-
tion, the controller 230 uses a linear least-squares prediction
model to determine the predicted light intensity values.
Specifically, the controller 230 i1s operable to perform a
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linear least-squares fit on the measured light intensity values
from a present time interval to determine a slope m and an
offset b of a line (1.e., y=mx+b) that best represents the
change 1n the measured light intensity values with respect to
time. The controller 230 uses these estimators (1.€., the slope
m and the offset b) to determine the predicted light intensity
values for one or more of the subsequent time intervals. The
controller 230 then determines a mean-square error ¢
between the measured light intensity values and the pre-
dicted light intensity values.

FIG. 11 1s a simplified tlowchart of a variable transmis-
s1on control procedure 700 executed by the controller 230 of
the daylight sensor 120 according to the second embodiment
of the present invention. As 1n the first embodiment, the
controller 230 executes the variable transmission control
procedure 700 of the second embodiment periodically (e.g.,
approximately once every second) during normal operation
to sample the total light intensity control signal V -, and to
collect the predetermined number N, », of samples during
cach of the consecutive non-overlapping time intervals. The
controller 230 closes the controllable switch 2335 to enable
the photosensitive circuit 231 at step 710, and waits for the
time period T,,, (1.e., S0 msec) at step 712 to allow the
photosensitive diode current 1 .., to become representative of
the total light itensity L. ..n. The controller 230 then
samples the total light intensity control signal V., (1o
generate a new total light intensity sample S, ) at step 714,
and opens the controllable switch 235 to disable the photo-
sensitive circuit 231 at step 716. The controller 230 1ncre-
ments a variable n by one at step 718 and stores the new total
light 1intensity sample S, as sample S[n] in the memory
246 at step 720. If the controller 230 has not yet collected the
predetermined number N, ,», 0of samples during the present
time 1nterval at step 722, the variable transmission control
procedure 700 simply exits without processing the samples
S[n] stored in the memory 246.

When the controller 230 has collected the predetermined
number N, », of samples during the present time interval at
step 722, the controller 230 processes the samples S[n]
stored 1n the memory 246 to determine 1f a digital message
should be transmitted to the dimmer switch 110. The con-
troller 230 first increments a variable q at step 724. The
controller 230 uses the variable g to keep track of how many
time 1ntervals have occurred after the time interval 1n which
the estimators were last calculated. The controller 230 then
calculates the predicted light intensity values at step 726
using the estimators (i.e., the slope m and the offset b) from
a previous time interval, 1.e.,

P[1]=m-1+b, (Equation 6)

for 1=q' T, 41 to 20T ;-
At step 728, the controller 230 determines the mean-square
error ¢ between the measured light intensity values and the
predicted light intensity values, 1.e.,

ﬂ:(l/NMAX)'E(S [i]_P [i])E:

tor 1=q*T ;;»+1 to 2q*T ;A
If the mean-square error ¢ 1s less than a predetermined
maximum €rror €,,,+ (€.g., approximately 15%) at step 730,
the vaniable transmission control procedure 700 exits with-
out transmitting a digital message to the dimmer switch 110.

However, 1 the mean-square error ¢ 1s greater than or
equal to the predetermined maximum error e, . ,,-at step 730,
the controller 230 then determines the new estimators at step
732 by performing a linear least-squares fit on the measured
light intensities from the present time interval to thus
determine the slope m and the oflset b of the line that best

(Equation 7)
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represents the measured light intensities from the present
time interval. The controller 230 loads a digital message
including one or more values representative of the total light
intensity L .-~ 1n the TX bufler at step 734. For example,
the controller 230 may include the estimators (1.¢., the slope
m and the oflset b) determined at step 732 in the digital
message. Since the slope m and the oflset b determined at
step 732 represent the measured intensity values from the
present time interval, the predicted intensity values deter-
mined 1n the next subsequent time mterval will begin at time
T, which 1s equal to the predetermined number N, », of
samples per interval. Therefore, the controller 230 resets the
variable n to N.,,», and the variable q to one at step 736,
betore the variable transmission control procedure 700 exits.
Since both the slope m and the offset b as determined by
the daylight sensor 120 are transmitted to the dimmer switch
110, the dimmer switch 1s operable to continuously re-
calculate (1.e., estimate) the total light intensity L. <, as a
function of time, and to adjust the present light intensity
L 55z 0f the lighting load 104 1n response to the estimated
total light intensity L ca-or. FIG. 12 15 a stmplified flowchart
of a receive procedure 800 executed by the controller 214 of
the dimmer switch 110 when a digital message 1s recerved
from the daylight sensor 120 at step 810 according to the
second embodiment of the present invention. If the received
digital message includes light intensity values received from
the daylight sensor 120 at step 812, the controller 214 stores
the slope m and the offset b from the received digital
message in the memory 216 at step 814. The controller 214
calculates the total light intensity L. .o as measured the
daylight sensor 120 at step 816 using the slope m and the
offset b from the received digital message, as well as the
predetermined period T, of each mterval, 1.e.,

L+ enep=m" T b (Equation 8)

The controller 214 then stores the calculated total light
intensity L. or.or 11 the memory 216 at step 818, before the
receive procedure 800 exits. If the received digital message
does not include light intensity values received from the
daylight sensor 120 at step 812, the controller 214 processes
the digital message appropnately at step 820 and the receive
procedure 800 exits.

FIG. 13 1s a simplified flowchart of a load control pro-
cedure 900 executed by the controller 214 of the dimmer
switch 110 periodically according to an adjustment period
T ,,,(e.g., one second), such that the load control procedure
900 1s executed once per second. The controller 214 first
updates the total light intensity L, ozrop (With respect to
time) at step 910 using the slope m stored in the memory

216, 1.¢.,

Lz svse=Lrsnsptm1 4p;. (Equation 9)

The controller 214 then determines the new present dim-
ming percentage d,, . for the lighting load 104 in a similar
manner as 1n the receive procedure 500 of the first embodi-
ment. Specifically, the controller 214 calculates the light
intensity L. ...« measured by the daylight sensor 120 from
only the lighting load 104 at step 912, calculates the light
intensity L, «vop at the daylight sensor 120 from only
natural light at step 914, calculates the light intensity L,
r4sk on the task surface from only daylight at step 916, and
calculates the new present dimming percentage d . ... at step
918. The controller 214 then finally controls the lighting
load 104 according to the new present dimming percentage
d,~-o at step 920, before the load control procedure 900
exits.
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According to a third embodiment of the present invention,
the controller 230 uses a parabolic model to determine the
predicted light intensity values. In other words, the control-
ler 230 1s operable to perform a parabolic least-squares fit on
the measured light intensity values from a present time
interval to fit measured light 1ntensity values to a parabola
(i.e., y=ax“+bx+c) that best represents the change in the
measured light intensity values with respect to time. The
controller 230 uses these estimators (1.e., the coeflicients a,
b, ¢ of the parabola) to determine the predicted light inten-
sity values for one or more of the subsequent time intervals.
The controller 230 then determines a mean-square error €
between the measured light intensity values and the pre-
dicted light mtensity values.

FIG. 14 1s a simplified flowchart of a variable transmis-
sion control procedure 1000 executed by the controller 230
of the daylight sensor 120 periodically (e.g., approximately
once every second) according to the third embodiment of the
present mvention. The variable transmission control proce-
dure 1000 1s very similar to the variable transmission control
procedure 700 of the second embodiment. However, the
controller 230 calculates the predicted light intensity values
at step 1026 using the coetlicients a, b, ¢ (1.e., the estimators)
and the parabola equation, 1.e.,

P[i]=ai’+bi+c, (Equation 10)

for 1=q-T ;A +1 10 29T ;-

At step 1028, the controller 230 determines the mean-square
error € between the measured light intensity values and the
predicted light intensity values. I the mean-square error € 1s
greater than or equal to the predetermined maximum error
€.+ at step 1030, the controller 230 determines the new
estimators at step 1032 by performing a parabolic least-
squares 11t on the measured light intensities from the present
time 1nterval to thus determine the coeflicients a, b, ¢ of the
parabola that best represent the measured light intensities
from the present time interval. The controller 230 then loads
a digital message including one or more values representa-
tive of the total light intensity L. ca«r 10 the TX buller at
step 1034, e.g., the estimators (1.e., the coeflicients a, b, ¢ of
the parabola) determined at step 1032. Accordingly, the
dimmer switch 110 will execute a receive procedure (not
shown) similar to the receive procedure 800 of the second
embodiment in order to calculate the total light intensity
L «ven as measured by the daylight sensor 120 using the
coeflicients a, b, ¢. In addition, the dimmer switch 110 will
periodically adjust the present light intensity L ., .. of the
lighting load 104 using a load control procedure (not shown)
similar to the load control procedure 900 of the second
embodiment.

According to another alternative embodiment of the pres-
ent invention, the controller 230 of the daylight sensor 120
could use a linear predictor to determine the predicted light
intensity values. For example, the predicted light intensity
values may be calculated using the equation:

Pli]=-2(a;x[n-1])

for 1=1 to K,
where x[n-1] are the previous measured light intensity
values, a, are the predictor coeflicients, and K 1s the maxi-
mum number of values used to calculate the predicted light
intensity.

According to a fourth embodiment of the present inven-
tion, the daylight sensor 120 does not transmit digital
messages 1 response to the measured total light intensity
L, cven 1 the measured data 1s “misbehaving” so as to
reduce the transmission rate and further conserve battery

(Equation 11)
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life. For example, the daylight sensor 120 may ignore
fluctuations 1n the measured total light intensity L. .., that
are large 1n magnitude and short 1n time duration (i.e., during
intermittent-cloudy days as shown in FIG. 3), such that the
variable transmission rate ol the daylight sensor is also
dependent upon the rate of change of the total light intensity
L. «nop measured by the daylight sensor (1.e., the “dynamic™
change 1n the total light intensity). Specifically, the daylight
sensor 120 does not transmit digital messages to the dimmer
switch 110 11 the total light intensity L - <. has changed by
more than a second predetermined percentage AS, .- dur-
ing the predetermined time period T, Accordingly, the
variable transmission rate of the daylight sensor 120 of the
fourth embodiment of the present invention results in the
average time between transmissions by the daylight sensor
during the course of a day being greater than approximately
420 seconds (as determined by experimental study).

FIG. 15 1s a simplified flowchart of a transmission algo-
rithm 1100 executed by the controller 230 of the daylight
sensor 120 according to the fourth embodiment of the
present invention, such that the daylight sensor 120 trans-
mits digital messages using the variable transmission rate.
The transmission algorithm 1100 of the fourth embodiment
1s similar to the transmission algorithm 300 of the first,
second, and third embodiments (as shown in FIG. 7). The
controller 230 first measures and stores the predetermined
number N, ,», of new total light intensity values at steps 310
and 312. Next, the controller 230 determines the predicted
light intensity value (s) at step 314 using, for example, any
of the estimators described with reference to the first through
third embodiments, and calculates the error between the
measured total light intensity values and the predicted total
light intensity values at step 316.

However, according to the fourth embodiment, the con-
troller 230 turther analyzes the measured total light intensity
values 1if the error calculated at step 316 1s outside of the
predetermined limits (1.e., 1s too great) at step 318. Specifi-
cally, the controller 230 using the measured total light
intensity values to calculate a data behavior metric at step
1124, compares the calculated data behavior metric to pre-
determined data behavior metric limit(s) at step 1126, and
determines 1f the data 1s misbehaving at step 1128, 1.e., 1s
outside of the data behavior metric limit(s). For example, the
controller 230 may analyze the total light intensity values to
determine 1f the rate of change of the total light intensity
L <o measured by the daylight sensor 120 1s too great. If
the data 1s not misbehaving at step 1128, the controller 230
calculates the new estimator(s) for use during the subsequent
time interval at step 320 and transmits a digital message
including one or more values representative of the total light
intensity L~ <o as measured by the daylight sensor 120 to
the dimmer switch 110 at step 322, before the transmission
algorithm 1100 loops around. If the data 1s misbehaving at
step 1128, the controller 230 does not calculate the new
estimator(s) at step 320 and does not transmit the values
representative of the total light intensity L. .., at step 324,
but simply analyzes the next non-overlapping time interval.

FIG. 16A 1s a simplified flowchart of a variable transmis-
sion control procedure 1200 executed by the controller 230
of the daylight sensor 120 periodically (e.g., approximately
once every second) according to the fourth embodiment of
the present invention. The varnable transmission control
procedure 1200 of the fourth embodiment 1s very similar to
the variable transmission control procedure 400 of the first
embodiment (as shown 1n FIG. 8). According to the fourth
embodiment of the present invention, the controller 230 uses
a single data point as the estimator (as in the first embodi-
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ment). However, the controller 230 could alternatively use a
linear prediction model or a parabolic prediction model to
determine the estimators as described above with reference
to the second and third embodiments respectively.

Referring to FIG. 16 A, 1f the minimum sample adjustment
percentage AS, .. 1s greater than or equal to the first prede-
termined percentage AS, ., s, at step 430, the controller 230
determines 1f the data (1.e., the samples S[n] stored in the
memory 246) 1s misbehaving by determiming 1f the total
light intensity L ..,<» has changed by more than the second
predetermined percentage AS,, .. during the present time
period T,... Specifically, the controller 230 determines a
present maximum sample S,/ s -~ 0f the samples S[n]
stored 1 the memory 246 (1.e., samples S[O] through
S[N.,»7]) at step 1236. The controller 230 then calculates
a present sample adjustment amount AS, .., which 1s rep-
resentative of the rate of change of the total light intensity
L evens at step 1238 using the equation:

SM AX—PRS — SMIN—PRS (Equation 12)

ASprs =

S AX—PRS

I1 the present sample adjustment amount AS ., 1s greater
than or equal to the second predetermined percentage
AS,, . at step 1240, the vanable transmission control
procedure 1200 exits without transmitting a digital message
to the dimmer switch 110. For example, the second prede-
termined percentage AS,,, .. may be approximately 10%,
but may alternatively range from approximately 3% to 25%.

However, 11 the present sample adjustment amount AS . ¢
1s less than the second predetermined percentage AS, ,, .-, at
step 1240, the controller 230 sets the previous minimum
sample S, .. »p;- €qual to the present minimum sample
S, v prg at step 432. The controller 230 then loads a digital
message mncluding a value representative of the total light
intensity L. . as measured by the daylight sensor 120
(1.e., the minimum present minimum sample S, . pr<) 10 a
transmit (1X) bufler at step 434, before the variable trans-
mission control procedure 1200 exits.

FIG. 16B 1s a plot of an example test wavetorm 1250 for
the daylight sensor 120 of the fourth embodiment to be used
in the test setup 650 shown 1n FIG. 10B. The test wavetform
1250 comprises a pulsed wavelorm added on top of a linear
ramp wavetorm and has peaks and valleys, such that the text
wavetorm models the total light intensity L. ... as mea-
sured by the daylight sensor 120 on an intermittent-cloudy
day. The test wavelorm 1250 has a minimum light intensity
(during the valleys) that increases with respect to time at a
first slope m,, and a maximum light intensity (during the
peaks) that increases with respect to time at a second slope
m,. Bach of the peaks (during which the text wavetorm 12350
1s at the maximum light intensity) have a length T,,, .,
which may be approximately five seconds. The magnitude of
the test waveform 1250 during the valleys 1s approximately
15% of the magnitude of the test wavelorm during the peaks.
When the test wavetorm 1250 1s used 1n the test setup 650
to control the test lighting load 604, the daylight sensor 120
of the fourth embodiment will not transmit digital messages
in response to the temporary excursions of the light intensity
during the peaks. Accordingly, the rate of transmission of the
daylight sensor 120 of the fourth embodiment will remain
constant at a rate determined by the slope m, of the valleys.

As described above, the controller 230 of the daylight
sensor 120 of the first, second, third, and fourth embodi-
ments collects the predetermined number N, ., of mea-
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surements of the total light itensity L c.r during con-
secutive non-overlapping time intervals, and only analyzes
the measurements at the end of each time interval (1.e., as
determined by the predetermined time period T;,,,). Alter-
natively, the controller 230 could analyze the measurements
of the total light intensity L. ..o 1n a sliding window time
interval. Specifically, the controller 230 could store each
new measurement of the total light mtensity L caep 1In a
first-1n, first-out (FIFO) register (e.g., having a size equal to
the predetermined number N.,,~, of measurements). The
controller 230 could then analyze the data stored 1n the FIFO
registered each time that the controller samples the total
light intensity control signal V ..

In addition, the controller 230 of the daylight sensor 120
transmits digital messages including one or more values
representative of the measured total light intensity L. crror
according to the first, second, third, and fourth embodi-
ments. According to a fifth embodiment of the present
invention, each digital message transmitted by the daylight
sensor 120 to the dimmer switch 110 may alternatively
comprise a command, such as a specific new light intensity
L5 for the lighting load 104. The controller 230 of the
daylight sensor 120 determines the new intensity levels
L.z 10 response to the measured total light intensity
L+ caen. The dimmer switch 110 controls the present light
intensity L,,-o of the lighting load 104 to the new light
intensity L.~ In response to receiving a digital message
with a command from the daylight sensor 120.

According to the fifth embodiment, each time the con-
troller 230 of the daylight sensor 120 samples the total light
intensity control signal V -, the controller 230 calculates a
new dimming percentage d.;;» which may be transmitted to
the dimmer switch 110. As 1n the previous embodiments, the
new dimming percentage d..;- may be a number between
zero and one, which 1s representative of the new light
intensity L4 Tor the lighting load 104. The controller 214
of the dimmer switch 110 1s operable to determine the light
intensity L., from the new dimming percentage d,..-
received from the daylight sensor 120, for example, by
applying the new dimming percentage d,..,- to different
dimming curves depending upon the load type of the light-
ing load. The controller 230 of the daylight sensor 120 only
transmits digital messages to the dimmer switch 110 when
the new dimming percentage d..r;- 18 outside a deadband,
1.¢., only when a change to the present light intensity L5«
of the lighting load 104 1s required. Accordingly, the day-
light sensor 120 only transmits digital messages to the
dimmer switch 110 using a varniable transmission rate that 1s
dependent upon the measured total light intensity L, o cn-

In addition, the controller 230 may also store a historical
record of the total light intensity L. ...« as measured by the
daylight sensor 120 each time the controller samples the
total light intensity control 51gnal V -~ The controller 230
1s operable to determine when 1t 1s daytime and mghttime 1n
response to the total light intensity control signal V -, and
the historical record stored in the memory 246. The con-
troller 230 may increase the length of the sampling period
Ty (€.g2., to approximately three seconds) during the
nighttime, such that the controller samples the total light
intensity control signal V., less frequently and consumes
even less power.

FIG. 17 1s a simplified flowchart of a control procedure
1300 executed periodically (e.g., every one to three seconds)
by the controller 230 of the daylight sensor 120 according to
the fifth embodiment of the present invention. At step 1310,
the controller 230 enables the photosensitive circuit 231 by
closing the switch 235 using the photosensitive circuit
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enable control signal V¢ ~A-,5r = The controller 230 waits
for the time period T,,, (i.e., 50 msec) at step 1312 to allow
the photosensitive diode current 1., to become representa-
tive of the total light intensity L~ ...~ at the daylight sensor
120. The controller 230 then samples the total light intensity
control signal V -, (using the ADC) to generate a new total
light intensity sample S, at step 1314, and disables the
photosensitive circuit 231 by opening the switch 235 using
the photosensitive circuit enable control signal V ¢ zr 72
at step 1316. At step 1318, the total light intensity sample
S~ 1s applied to a digital filter (such as a linear predictor)
to generate a filtered total light intensity sample FS., .

The controller 230 1s operable to periodically store the
filtered total light intensity samples FS.,.- (e.g., every 30
minutes) to create the historical record 1n the memory 246 of
the total light intensity L, ..o» at the daylight sensor 120.
Specifically, 1f the controller 230 should store the present
filtered total light intensity sample FS ., at step 1320, the
controller stores the present filtered total light intensity
sample FS ., 1n the memory 246 at step 1322.

Next, the controller 230 uses the filtered total light inten-
sity sample FS.,-and a present dimming percentage d,» <
to determine the new dimming percentage d,.., for the
lighting load 104 using similar calculations as the receive
procedure 300 of the first embodiment. Specifically, the
controller 230 calculates the light intensity L. .o mea-
sured by the daylight sensor 120 from only the lighting load
104 at step 1324, calculates the light intensity L ,_c,,or at the
daylight sensor 120 from only natural light at step 1326,
calculates the light intensity L, ..., on the task surface
from only daylight at step 1328, and calculates the new
dimming percentage d...;;- at step 1330.

At step 1332, the controller 230 determines 1f the new
dimming percentage d..- 1s outside of a deadband, e.g.,

(Equation 13)

dpres— A<dnzp<dprzestA,

where A represents a predetermined increment by which the
new dimmer percentage d...;- must differ from the present
dimming percentage d,... before the daylight sensor 120
will transmit a digital message to the dimmer switch 110
causing the dimmer switch to adjust the intensity of the
lighting load 104 to the new intensity L.~ For example,
the predetermined increment A may be approximately 1%. IT
the new dimming percentage d.,~;-1s within the deadband at
step 1332, the control procedure 1300 simply exits. How-
ever, 1 the new dimming percentage d..,- 1s outside the
deadband at step 1332, the controller 230 stores the new
dimming percentage d.,.~;;- as the present dimming percent-
age d,, .. at step 1334. The controller 230 loads a digital
message (including a command to control the intensity of
the lighting load 104 according to the new dimming per-
centage d..;) 1nto a transmit (1X) buller at step 1336,
betore the control procedure 1300 exits.

A lighting control systems including wired daylight sen-

sors (1.e., wired photosensors) 1s described 1n greater detail
in U.S. Pat No. 7,369,060, 1ssued May 6, 2008, entitled

DISTRIBUTED INTELLIGENCE BALLAST SYSTEM
AND EXTENDED LIGHTING CONTROL PROTOCOL,
the entire disclosures of which 1s hereby incorporated by
reference.

While the present invention has been described with
reference to the dimmer switch 110 for controlling the
intensity of the lighting load 104, the concepts of the present
invention could be applied to load control systems compris-
ing other types of load control devices, such as, for example,
fan-speed controls for fan motors, electronic dimming bal-
lasts for fluorescent loads, and drivers for light-emitting
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diodes (LEDs). Further, the concepts of the present inven-
tion could be used to control other types of electrical loads,
such as, for example, fan motors or motorized window
treatments.

Although the present mmvention has been described 1in
relation to particular embodiments thereof, many other
variations and modifications and other uses will become
apparent to those skilled 1n the art. It 1s preferred, therefore,
that the present invention be limited not by the specific
disclosure herein, but only by the appended claims.

The 1nvention claimed 1s:

1. A wireless battery-powered daylight sensor for mea-
suring a [total] light intensity [in a space], the sensor
comprising:

a photosensitive circuit operable to generate a light inten-
sity control signal in response to the [total] light
intensity [in the space];

a wireless transmitter for transmitting wireless signals;

a controller coupled to the photosensitive circuit and the
wireless transmitter, the controller operable to transmit
wireless signals in response to the light intensity con-
trol signal, the controller operable to periodically
sample the light intensity control signal, the wireless
signals comprising digital messages, each digital mes-
sage including a value representative of the [total] light
intensity;

a memory coupled to the controller for storing sampled
light intensity values; and

a battery for powering the photosensitive circuit, the
wireless transmitter, and the controller:

wherein the controller 1s operable to analyze the sampled
light intensity values stored 1n the memory to determine
an amount of change of the [total] light intensity [in the
space]. the controller operable to transmit the wireless
signals using a variable transmission rate that 1s depen-
dent upon the amount of change of the [total] light
intensity [in the space].

2. The daylight sensor of claim 1, wherein the controller
determines at least one predicted light intensity value and
calculates an error between the sampled light intensity
values and the at least one predicted light intensity value, the
controller operable to transmait a digital message 11 the error
1s too great.

3. The daylight sensor of claim 2, wherein the controller
periodically samples the light intensity control signal and
stores the samples in memory, the controller operable to
analyze the samples stored in memory using a sliding
window time interval to determine the amount of change of
the [total] light intensity [in the space].

4. The daylight sensor of claim 2, wherein the controller
collects a predetermined number of sampled light intensity
values during consecutive non-overlapping time intervals,
the controller operable to analyze the sampled light intensity
values of each time interval to determine the amount of
change of the [total] light intensity [in the space].

5. The daylight sensor of claim 4, wherein the controller
1s operable to analyze the samples stored in the memory to
determine 1f the data 1s misbehaving.

6. The daylight sensor of claim 5, wherein the controller
calculates a behavior metric and determines if the data
behavior metric 1s outside of one or more data behavior
metric limaits.

7. The daylight sensor of claim 4, wherein the controller
determines at least one estimator during a previous time
interval, and uses the at least one estimator to determine the
at least one predicted light intensity value during a present
time nterval.
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8. The daylight sensor of claim 7, wherein the controller
calculates multiple predicted light intensity values during
the present time interval.

9. The daylight sensor of claim 8, wherein the controller
uses a linear prediction model to calculate the multiple
predicted light intensity values, the estimators comprising a
slope and an oflset of a line that best represents the change
of the [total] light intensity [in the spacel].

10. The daylight sensor of claim 9, wherein the controller
transmits the slope and the offset of the line that best
represents the change of the [total] light intensity [in the
space] when the error between the sampled light intensity
values and the predicted light intensity values 1s too great.

11. The daylight sensor of claim 9, wherein the controller
performs a linear least-squares fit to determine the slope and
the offset of the line that best represents the change of the
[total] light intensity [in the space].

12. The daylight sensor of claim 8, wherein the controller
uses a parabolic prediction model to calculate the multiple
predicted light intensity values, the estimators comprising,
coellicients of a parabola that best represents the change of
the [total] light intensity [in the space].

13. The daylight sensor of claim 8, wherein the controller
calculates a mean-square error between the predicted light
intensity values and the sampled light intensity values, the
controller operable to transmit a digital message 1f the
mean-square error exceeds a maximum error.

14. The daylight sensor of claim 7, wherein the estimator
comprises a minimum sampled light intensity value from the
previous time interval, the controller operable to transmit a
digital message 11 the difference between the estimator and
a minimum sampled light intensity value from the present
time 1nterval exceeds a maximum error.

15. The daylight sensor of claim 14, wherein the control-
ler transmits the minimum sampled light intensity value
from the present time 1nterval when the difference between
the estimator and a minimum sampled light intensity value
from the present time interval exceeds the maximum error.

16. The daylight sensor of claim 7, wherein the estimator
comprises an average value of the sampled light intensity
values from the previous time 1nterval, the controller oper-
able to transmit a digital message if the difference between
the estimator and an average value of the sampled light

intensity values from the present time interval exceeds a
maximum error.

17. The daylight sensor of claim 7, wherein the estimator
comprises a median value of the sampled light intensity
values from the previous time 1nterval, the controller oper-
able to transmit a digital message if the difference between
the estimator and a median value of the sampled light
intensity values from the present time interval exceeds a
maximum error.

18. The daylight sensor of claim 6, wherein the data
behavior metric comprises a rate of change of the [total]
light intensity [in the space].

19. The daylight sensor of claim 18, wherein the control-
ler 1s operable to transmit a digital message i1 the rate of
change of the [total] light intensity [in the space] is within
the one or more data behavior metric limits.

20. The daylight sensor of claim 19, wherein the control-
ler uses a maximum sampled light intensity value and a
minimum sampled light intensity value from the present
time interval to determine if the rate of change of the [total]
light intensity [in the space] is within the one or more data
behavior metric limits.
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21. The daylight sensor of claim 6, wherein the data
behavior metric comprises a dynamic change in the [total]
light intensity [in the space].

22. A method of transmitting a digital message 1n response
to a [total] light intensity [in a space], the method compris-
Ing:

measuring the [total] light intensity [in the space]:

generating a light intensity control signal in response to
the [total] light intensity [in the space]:

periodically sampling the light intensity control signal;

storing sampled light intensity values 1n memory;

analyzing the sampled light intensity values stored 1n the
memory to determine a rate of change of the [total]
light intensity [in the space]; and

transmitting digital messages using a variable transmis-
sion rate that 1s dependent upon an amount of change
of the [total] light intensity [in the space] and the rate
of change of the [total] light intensity [in the spacel]
cach digital message including a value representative of
the [total] light intensity.

23. The method of claim 22, wherein the step of trans-
mitting wireless signals further comprises transmitting a
digital message if the rate of change of the [total] light
intensity 1s within predetermined limats.

24. A method of transmitting a digital message for con-
trolling a lighting load in response to a [total] light intensity
[in a space], the method comprising:

measuring the [total] light intensity [in the space]:

generating a light intensity control signal 1n response to
the [total] light intensity [in the space]:

determining a new light intensity for the lighting load in
response to the light intensity control signal, where the
new light intensity can range from a minimum intensity
to a maximum intensity; and

wirelessly transmitting digital messages 11 the new light
intensity differs from a present light itensity of the
lighting load by a predetermined increment, such that
the digital messages are transmitted using a variable
transmission rate that is dependent upon the [total] light
intensity [in the space], each digital message including
a command to control [a] #ze lighting load in response
to the [total] light intensity.

25. The method of claim 24, wherein the varniable trans-
mission rate 1s also dependent upon a dynamic change 1n the
[total] light intensity [in the space].

26. A wireless battery-powered daylight sensor for mea-
suring a [total] light intensity [in a space], the sensor
comprising;

a photosensitive circuit operable to generate a light inten-
sity control signal in response to the [total] light
intensity [in the space];

a wireless transmitter for transmitting wireless signals;

a controller coupled to the photosensitive circuit and the
wireless transmitter, the controller operable to transmut
wireless signals 1n response to the light intensity con-
trol signal, the controller operable to periodically
sample the light intensity control signal, the wireless
signals comprising digital messages, each digital mes-
sage including a value representative of the [total] light
intensity;

a memory coupled to the controller for storing sampled
light intensity values; and

a battery for powering the photosensitive circuit, the
wireless transmitter, and the controller;

wherein the controller 1s operable to analyze the samples
stored 1in the memory to determine a rate of change of
the [total] light intensity [in the space], the controller
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operable to transmit the wireless signals using a vari-
able transmission rate that 1s dependent upon the rate of
change of the [total] light intensity [in the space].

277. The daylight sensor of claim 26, wherein the control-
ler does not transmit a digital message 11 the rate of change
of the [total] light intensity is outside of predetermined
limats.

28. A load control system for controlling the power
delivered from an AC power source to an electrical load
located in [a space of] a building, the load control system
comprising;

a load control device coupled 1n series electrical connec-
tion between the source and the load for controlling the
power delivered to the load; and

a wireless battery-powered daylight sensor for measuring
a light intensity [in the space], the dayl/ight sensor
operable to wirelessly transmit digital messages to the
load control device 1n response to the light intensity
control signal, each digital message including a value
representative of the light intensity [in the space], such
that the load control device controls the power deliv-
ered to the load in response to the light intensity [in the
spacel, the daylight sensor comprising a controller
operable to transmait the digital messages using a vari-
able transmission rate that 1s dependent upon an
amount of change of the light intensity [in the space]:

wherein the controller does not transmit a digital message
if a data 1s misbehaving.

29. A wireless battery-powered daylight sensor for mea-
suring a [total] light intensity [in a space], the sensor
comprising;

a photosensitive circuit operable to generate a light inten-
sity control signal in response to the [total] light
intensity [in the space], the photosensitive circuit com-
prising a photosensitive diode for conducting a photo-
sensitive diode curvent having a magnitude rvepresen-
tative of the light intensity, the photosensitive circuit
comprising an amplifier operable to generate the light
intensity control signal in vesponse to the photosensi-
tive diode currvent, the photosensitive circuit further
comprising a controllable switch coupled in series with
the photosensitive diode;

a wireless transmitter for transmitting wireless signals;

a controller coupled to the controllable switch of the
photosensitive circuit and the wireless transmitter, the
controller operable to transmit wireless signals 1n
response to the light intensity control signal, the con-
troller operable to transmit wireless signals using a
variable transmission rate that 1s dependent upon the
[total] light intensity [in the space]; and

a battery for powering the photosensitive diode and the
amplifier of the photosensitive circuit, the wireless
transmitter, and the controller:;

wherein the controller is operable to [enable the photo-
sensitive circuit] close the controllable switch and
subsequently sample the light intensity control signal at
a sampling period, the controller further operable to
[disable the photosensitive circuit] open the control-
lable switch after the light intensity control signal has
been sampled, such that the photosensitive diode of the
photosensitive circuit only draws current from the
battery for a small time period during each sampling
period.

30. The daylight sensor of claim 29, wherein the control-
ler is operable determine a new light intensity for [the] a
lighting load 1n response to the light intensity control signal,
the controller operable to transmit a digital signal 1f the new
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light mtensity differs from a present light intensity of the
lighting load by a predetermined increment.

31. The daylight sensor of claim 29, wherein the variable
transmission rate 1s also dependent upon a dynamic change
in the [total] light intensity [in the space].

[32. A wireless battery-powered daylight sensor for mea-
suring a total light intensity 1n a space, the sensor compris-
ng:

a photosensitive circuit operable to generate a light inten-
sity control signal in response to the total light intensity
in the space;

a wireless transmitter for transmitting wireless signals;

a controller coupled to the photosensitive circuit and the
wireless transmitter, the controller operable to transmit
wireless signals 1n response to the light intensity con-
trol signal, the controller operable to transmit wireless
signals using a variable transmission rate that 1s depen-
dent upon the total light intensity 1n the space; and

a battery for powering the photosensitive circuit, the
wireless transmitter, and the controller;

wherein the controller 1s operable to disable the photo-
sensitive circuit, such that the photosensitive circuit
does not draw current from the battery when the
wireless transmitter 1s not transmitting a wireless sig-
nal.}

33. A wireless battery-powered daylight sensor for mea-
suring a [total] light intensity [in a space], the sensor
comprising;

a photosensitive circuit operable to generate a light inten-
sity control signal in response to the [total] light
intensity [in the space], the photosensitive circuit com-
prising a photosensitive diode for conducting a photo-
sensitive diode current having a magnitude represen-
tative of the light intensity, the photosensitive circuit
comprising an amplifier operable to generate the light
intensity control signal in vesponse to the photosensi-
tive diode current, the photosensitive circuit further
comprising a controllable switch coupled in sevies with
the photosensitive diode;

a wireless transmitter for transmitting wireless signals;

a controller coupled to the comntrollable switch of the
photosensitive circuit and the wireless transmitter, the
controller operable to transmit a wireless signal 1n
response to the light intensity control signal; and

a battery for powering the photosensitive diode and the
amplifier of the photosensitive circuit, the wireless
transmitter, and the controller;

wherein the controller is operable to [disable the photo-
sensitive circuit] open the controllable switch, such that
the photosensitive diode of the photosensitive circuit
does not draw current from the battery.

34. The sensor of claim 33, wherein [the photosensitive
circuit comprises a photosensitive diode for conducting a
photosensitive diode current having a magnitude responsive
to the light intensity in the space,] the magnitude of the light
intensity control signal is responsive to the magnitude of the
photosensitive diode current.

35. The sensor of claim 34, wherein [the photosensitive
circuit further comprises a controllable switch coupled 1n
series with the photosensitive diode,] the photosensitive
diode is operable to conduct the photosensitive diode current
when the switch is closed, the controller [coupled] operable
to control the switch [for opening the switch,] such that the
photosensitive diode does not conduct the photosensitive
diode current and the photosensitive circuit 1s disabled.
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36. The sensor of claim 35, wherein the light intensity
control signal 1s sampled periodically at a sampling rate and
the switch 1s only closed for a portion of the time between
cach sample.

37. The sensor of claim 36, wherein the controller 1s
operable to determine when it 1s nighttime 1n response to the
light intensity control signal, and to decrease the sampling
rate during the nighttime.

38. The sensor of claim 35, wherein the [photosensitive
circuit further] amplifier comprises a transimpedance ampli-
fier coupled between the photosensitive diode and the con-
troller], the transimpedance amplifier operable to generate
the light itensity control signal in response to the photo-
sensitive diode current].

39. The sensor of claim 33, wherein the daylight sensor
operates as part of a lighting control system that comprises
a dimmer switch for controlling the amount of power
delivered to a lighting load, the controller operable to
determine a new light intensity of the lighting load 1n
response to the light itensity control signal, the controller
operable to enable the wireless transmitter and to transmit a
wireless signal 1f the new light intensity differs from a
present light intensity of the lighting load by a predeter-
mined increment.

40. The sensor of claim 33, wherein the controller 1s
operable to enable the wireless transmitter and to transmit a
wireless signal if the [total] light intensity [in the space]
changes by a predetermined amount.

41. The sensor of claim 33, further comprising:

a wireless receiver coupled to the controller and operable
to recerve a wireless signal, the wireless recerver pow-
ered by the battery; and

a laser pointer circuit adapted to be exposed to light from
a laser pointer, the laser pointer circuit coupled to the
controller:;

wherein the controller 1s operable to enable the wireless
receiver 1n response to light from a laser pointer shining
on the laser pointer circuit, and to subsequently receive
a wireless signal.

42. The sensor of claim 33, wherein the controller 1s
operable to [enable the photosensitive circuit] close the
controllable switch and subsequently sample the light inten-
sty control signal at a sampling period, the controller turther
operable to [disable the photosensitive circuit] open the
controllable switch after the light intensity control signal has
been sampled, such that the photosensitive circuit only
draws current from the battery for a small time period during
cach sampling period.

43. A wireless battery-powered daylight sensor for mea-
suring a [total] light intensity [in a space], the daylight
sensor operates as part of a lighting control system that
comprises a dimmer switch for controlling the amount of
power delivered to a lighting load, the sensor comprising:

a photosensitive circuit operable to generate a light inten-
sity control signal in response to the [total] light
intensity [in the space];

a wireless transmitter for transmitting wireless signals;

a controller coupled to the photosensitive circuit and the
wireless transmitter, the controller operable to deter-
mine, 1n response to the light intensity control signal, a
new light intensity to which the dimmer switch should
control the intensity of the lighting load, where the new
light intensity can range from a minimum intensity to a
maximum intensity;

a battery for powering the photosensitive circuit, the
wireless transmitter, and the controller:
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wherein the controller 1s operable to enable the wireless
transmitter and to transmit to the dimmer switch a

wireless signal including a command that includes the

30

able transmission rate that 1s dependent upon an
amount of change of the light intensity [in the space]:
wherein the daylight sensor only transmits a digital mes-

sage to the load control device if the light intensity [in
the space] has changed by a predetermined amount.
47. A load control system for controlling the power
delivered from an AC power source to a lighting load located
in [a space of] a building, the load control system compris-
ng:

new light intensity for the lighting load 11 the new light
intensity differs from a present light intensity of the >
lighting load by a predetermined increment.
44. A wireless battery-powered daylight sensor for mea-
suring a [total] light intensity [in a space], the sensor
comprising;

a photosensitive circuit operable to generate a light inten-
sity control signal in response to the [total] light
intensity [in the space];

a wireless transcerver for transmitting and receiving wire-
less signals;

a laser pointer circuit adapted to be exposed to light from
a laser pointer;

a controller coupled to the photosensitive circuit, the
wireless transceiver, and the laser pointer circuit, the
controller operable to transmit a wireless signal 1n
response to the light intensity control signal;

a battery for powering the photosensitive circuit, the
wireless transceiver, and the controller:;

wherein the controller 1s operable to enable the wireless
transceiver 1n response to light from a laser pointer
shining on the laser pointer circuit, and to subsequently
receive a wireless signal.

45. A load control system for controlling the power
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a dimmer switch coupled 1n series electrical connection
between the source and the lighting load for controlling
the power delivered to the lighting load; and

a wireless battery-powered daylight sensor for measuring
a light intensity [in the space], the daylight sensor
operable to wirelessly transmit digital messages to the
dimmer switch 1n response to the light intensity control
signal, each digital message including a value repre-
sentative of the light intensity [in the space], such that
the dimmer switch controls the power delivered to the
lighting load in response to the light intensity [in the
spacel, the daylight sensor comprising a controller
operable to transmait the digital messages using a vari-
able transmission rate that 1s dependent upon the light
intensity [in the space]:

[A] wherein the daylight sensor is operable to determine
a new light intensity for the lighting load 1n response to
the light intensity [in the space], the daylight sensor
operable to transmit a digital signal to the dimmer

switch 1f the new light intensity differs from a present
light intensity of the lighting load by a predetermined
increment.

48. The system of claim 47, wherein the variable trans-
mission rate 1s also dependent upon a dynamic change in the
light intensity [in the space].

49. A method of transmitting a digital message 1n response
to a [total] light intensity [in a space], the method compris-
ng:

delivered from an AC power source to an electrical load
located in [a space of] a building, the load control system 30
comprising;

a load control device coupled 1n series electrical connec-
tion between the source and the load for controlling the
power delivered to the load; and

a wireless battery-powered daylight sensor for measuring 35
a light intensity [in the space], the daylight sensor
operable to wirelessly transmit digital messages to the

load control device 1n response to the light intensity
control signal, each digital message including a value
representative of the light intensity [in the space], such
that the load control device controls the power deliv-
ered to the load in response to the light intensity [in the
space], the daylight sensor comprising a controller
operable to transmit the digital messages using a vari-
able transmission rate that 1s dependent upon an
amount of change of the light intensity [in the space}
and a rate of change of the light intensity [in the space]:

wherein the controller transmits a digital message if the
rate of change of the [total] light intensity is within
predetermined limits.

46. A load control system for controlling the power

delivered from an AC power source to an electrical load

located in [a space of] a building, the load control system

comprising:

a load control device coupled 1n series electrical connec-
tion between the source and the load for controlling the
power delivered to the load; and

a wireless battery-powered daylight sensor for measuring,
a light intensity [in the space], the daylight sensor
operable to wirelessly transmit digital messages to the
load control device 1n response to the light intensity
control signal, each digital message including a value
representative of the light intensity [in the space], such
that the load control device controls the power deliv-
ered to the load in response to the light intensity [in the
spacel, the daylight sensor comprising a controller
operable to transmit the digital messages using a vari-
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measuring the [total] light intensity [in the spacel];

generating a light itensity control signal 1n response to
the [total] light intensity [in the space]:

periodically sampling the light intensity control signal;

storing sampled light intensity values 1n memory;

analyzing the sampled light intensity values stored 1n the
memory to determine an amount of change of the
[total] light intensity [in the space]; and [by a control-
ler]

transmitting digital messages by a controller using a
variable transmission rate that 1s dependent upon the
amount of change of the [total] light intensity [in the
space], each digital message including a value repre-
sentative of the [total] light intensity.

50. The method of claim 49, further comprising;

determining at least one predicted light intensity value;
and

calculating an error between the sampled light intensity
values and the at least one predicted light intensity
value;

wherein the controller 1s operable to transmit a digital
message 1f the error 1s too great.

51. The method of claim 50, further comprising;

collecting a predetermined number of sampled light inten-
sity values during consecutive non-overlapping time
intervals:

wherein the step of analyzing further comprises analyzing
the sampled light intensity values of each time interval
to determine the amount of change of the [total] light
intensity [in the space].
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52. The method of claim 50, further comprising:
periodically sampling the light intensity control signal;
storing the samples 1n memory; and

analyzing the samples stored 1n memory using a shiding

window time interval to determine the amount of
change of the [total] light intensity [in the space].

53. The method of claim 51, further comprising:

analyzing the samples stored 1n the memory to determine

if a data 1s misbehaving.

54. The method of claim 33, wherein the step of analyzing
the samples stored in the memory to determine 11 the data 1s
misbehaving further comprises calculating a behavior met-
ric, and determining if the data behavior metric 1s outside of
one or more data behavior metric limats.

55. The method of claim 54, wherein the data behavior
metric comprises a rate of change of the [total] light intensity
[in the space].

56. The method of claim 55, wherein the step of trans-
mitting wireless signals comprises transmitting a digital
message if the rate of change of the [total] light intensity [in
the space] is within the one or more data behavior metric
limats.

57. The method of claim 56, wherein the step of analyzing
the samples stored 1n the memory to determine 1s the data 1s
misbehaving further comprises using a maximum sampled
light intensity value and a mimmmum sampled light intensity
value from the present time interval to determine 11 the rate
of change of the [total] light intensity [in the space] is within
the one or more data behavior metric limaits.

58. The method of claim 51, further comprising:

determining at least one estimator during a previous time

interval;

wherein the step of determining at least one predicted

light 1ntensity value comprises using the at least one
estimator to determine the at least one predicted light
intensity value during a present time interval.

59. The method of claim 58, wherein the estimator
comprises a mimmum sampled light intensity value from the
previous time interval, and the step of transmitting wireless
signals further comprises transmitting a digital message 1t
the difference between the estimator and a minimum
sampled light intensity value from the present time interval
exceeds a maximum error.

60. The method of claim 59, wherein the step of trans-
mitting wireless signals further comprises transmitting the
mimmum sampled light intensity value from the present
time 1nterval when the diflerence between the estimator and
a mimmum sampled light imtensity value from the present
time 1nterval exceeds the maximum error.

61. The method of claim 58, wherein the estimator
comprises an average value of the sampled light intensity
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values from the previous time interval, and the step of
transmitting wireless signals further comprises transmitting,
a digital message 11 the diflerence between the estimator and
an average value of the sampled light intensity values from
the present time interval exceeds a maximum error.

62. The method of claim 58, wherein the estimator
comprises a median value of the sampled light intensity
values from the previous time interval, the step of transmit-
ting wireless signals further comprises transmitting a digital
message 1I the difference between the estimator and a
median value of the sampled light intensity values from the
present time interval exceeds a maximum error.

63. The method of claim 38, wherein the step of deter-
mining at least one predicted light intensity value comprises
calculating multiple predicted light intensity values during
the present time interval.

64. The method of claim 63, wherein the step of calcu-
lating multiple predicted light intensity values comprises
using a linear least-squares prediction model, the estimators
comprising a slope and an oflset of a line that best represents
the change of the [total] light intensity [in the space].

65. The method of claim 64, wherein the step of trans-
mitting wireless signals comprises transmitting the slope and
the offset of the line that best represents the change of the
[total] light intensity [in the space] when the error between
the sampled light intensity values and the predicted light
intensity values 1s too great.

66. The method of claim 64, wherein the step of deter-
mining at least one estimator during a previous time nterval
comprises performing a linear least-squares fit to determine
the slope and the oflset of the line that best represents the
change of the [total] light intensity [in the space].

67. The method of claim 63, wherein the step of calcu-
lating multiple predicted light intensity values comprises

using a parabolic prediction model, the estimators compris-
ing coellicients of a parabola that best represents the change
of the [total] light intensity [in the spacel].

68. The method of claim 63, wherein the step of calcu-
lating multiple predicted light intensity values comprises
using a linear predictor to calculate the predicted light
intensity values.

69. The method of claim 63, further comprising:

calculating a mean-square error between the predicted

light intensity values and the sampled light intensity
values;

wherein the step of transmitting wireless signals com-

prises transmitting a digital message 11 the mean-square
error exceeds a maximum error.
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