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DESCRIPTION

[0001] This application is related to the field of lighting and more particularly to a system and
methods for managing light to provide for increased luminous efficacy and reduced costs.

[0002] Existing lighting systems, such as those In office buildings, homes, parking lots,
garages, etc., provide for safe and comfortable environmental conditions in which people may
live and work.

[0003] However, conventional lighting systems use a significant amount of energy as the
lighting sources may be Iin operation even when there is no need for the operation of the light
source. For example, in an office or home having a window, the entry of natural light into the
office may mitigate the need for the operation of the lighting system.

[0004] Thus, there have been many techniques employed to reduce the energy consumption
of lighting sources and even the need for the operation of a lighting source. For example,
florescent and CFL (Compact Florescent Light) lighting sources are replacing incandescent
lighting sources. LED (Light Emitting Diodes) are an available technology that is being applied
as lighting sources.

[0005] In addition, to control the operation of the lighting sources (no matter the type of lighting
source) motion-sensors are used to turn-on lighting sources when a user enters an area. The
lighting 1s turned off when the user exits the area and no subsequent motion I1s detected.
Similarly, photo-sensors are used to reduce the intensity of light sources based on an ambient

light condition surrounding the lighting sources.

[0006] Thus, while the changing of the type of lighting source and the operation of the lighting
source are providing the significant cost and energy reduction, there remains a need In the
Industry for further improvements in reducing energy consumption and cost. See also for

example US2011/089842A1.

[0007] It 1s the object of the invention claimed to provide a method and system that provides
for dynamic adjustment of characteristics of artificial lighting sources to provide acceptable
lighting conditions while reducing cost of operation In creating the acceptable lighting
conditions This object i1s achieved by a method according to claim 1, a system according to
claim 7 and a computer program product according to claim 12.

[0008] In one aspect of the Invention, a method for managing lighting in an environment, the
method comprising: receiving illuminance information associated with at least one artificial
ligting source within said environment; determining an illuminance value associated with a
natural light source; determining a measure of said illuminance of said natural light source with
respect to an illuminance of a mixed light, said mixed light representing said at least one
artificial lighting source and said natural light source; adjusting said illuminance of said at least
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one artificial light source to achieve a target level of illuminance of said mixed light; and
determining at least one additional characteristic of said mixed light based on a corresponding
at least one additional characteristic of said at least one artificial light source and said natural
light source; and adjusting said at least one additional characteristic of said at least one
artificial light source to maintain a target level of said at least on additional characteristic,
wherein said adjustment is based on said determined measure of illuminance of said natural
light source with respect to said illuminance of a mixed light.

[0009] As would be appreciated, the term artificial lighting source may represent one or more
different types of lighting sources, such as Light Emitting Diode (LED), and other similar type
electrical light sources.

[0010] In another aspect of the Invention, a system for managing lighting within an
environment Is disclosed. The system comprises a plurality of sensor units within said
environment; a computer or processor in communication with said plurality of sensor units and
a memory, the memory including code, which when accessed by said processor, causes said
processor to execute the steps of: receiving inputs from selected ones of said plurality of
sensor units; determining each of an illuminance from at least one artificial lighting source and
a natural light source; determining a factor associated with the percentage of illuminance
provided by said natural light source with respect to a total illuminance provided by a
combination of said natural light source and said at least one artificial lighting source; and
adjusting at least one of: the illuminance of said at least one artificial light source and at least
one additional characteristic of said at least one artificial light source to a corresponding target
level based on said illuminance of said natural light source and a corresponding at least one
additional characteristic associated with said natural light source, wherein said adjusting of said
at least one additional characteristic i1s based on said determined factor.

[0011] In another aspect of the Invention, the characteristics of may be adjusted based on
natural lighting conditions, demand response signal, occupancy sensing, scheduling and
operating conditions.

[0012] The advantages, nature, and various additional features of the invention will appear
more fully upon consideration of the illustrative embodiments to be described In detall In
connection with accompanying drawings wherein like reference numerals are used to identify
like element throughout the drawings:

Figure 1A illustrates an exemplary electrical network configuration:;
Figure 1B illustrates an exemplary light management system;

Figure 2 illustrates an expanded view of the exemplary electrical network configuration shown
In Figure 1A;

Figure 3 Illustrates a flow chart of an exemplary process in accordance with the principles of
the Invention;
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Figures 4-7 Illlustrate graphs for exemplary applications of the invention claimed.

Figures 8 and 9 lllustrate state transition diagrams In accordance with an aspect of the
Invention;

Figures 10 and 11 illustrates state transition diagrams in accordance with another aspect of the
Invention; and

Figures 12-14 illustrate state transition diagrams in accordance with still another aspect of the
iInvention.

[0013] It Is to be understood that the figures and descriptions of the present invention
described herein have been simplified to illustrate the elements that are relevant for a clear
understanding of the present invention, while eliminating, for purposes of clarity many other
elements. However, because these elements are well-known In the art, and because they do
not facilitate a better understanding of the present invention, a discussion of such element is
not provided herein. The disclosure herein i1s directed to also variations and modifications
known to those skilled in the art.

[0014] Figure 1A represents an exemplary electrical network 100 comprising a power source

110, an electrical grid 120 receiving power from the power source 110 and providing the power
to a plurality of load devices within corresponding area 130, 140. Power source 110 may be
one or more of a coal-fired electrical generation plant, a nuclear electrical generation plant, a
hydro-electrical generation plant or any other conventional electrical generation plant. In
addition, power source 110 may be a renewal energy generation plant. For example, wind,
solar, biofuel, etc.

[0015] The areas or environments 130, 140, may represent office buildings, shopping malls,
homes, garages, parking lots, tunnels, and other similar areas that require electrical power to
provide Illumination in one or more areas. For example, area 130 depicts different enclosed
areas 134, 136, 138 and two open areas 135, 137. Power Is provided to each of these areas
via a power distribution system 132. Area 140, similarly, illustrates three enclosed areas 144,
146, 148 and two open areas 145, 147, which receive power from power distribution system
142. As would be appreciated, areas 130, 140 and the number of enclosed and open areas
within each of these areas 130, 140 is only to illustrate the principles of the present invention
and the number of areas and enclosed and open areas within each area 130, 140 may be
changed without altering the scope of the invention claimed.

[0016] Figure 1B illustrates an exemplary light management system 150. Figure 1B illustrates
a light management system suitable for an area such as 134, which includes a window that
provides for entry of natural light into the area. However, it would be recognized that the
principles of the light management system 150 depicted in Figure 1B would also be applicable
to other area (e.g., 136 and 138) with appropriate inclusion or removal of the blind controller
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165 and corresponding adjustment to the set point 198.

[0017] In Figure 1B, natural light 160 enters an area (or space or zone) typically through one
or more window and/or skylights. The illuminance of the entering natural light may be
measured by one or more exterior sensors or solar trackers 155. Information from the exterior
sensors, for example, may be provided to a blind controller 165 that provides control signals to
motorized blinds 170 to Iincrease and/or decrease the amount of natural light entering the
space or environment. The blind controller may, for example, Iinclude a processor that
determines a position (height and slat angle of the blind elements) based on a desired level of
natural light. This desired level of natural light may be predetermined based on time, for
example, or may be provided by an external input (not shown).

[0018] In addition, an electric light (artificial light) controller 180 provides control signals to one
or more electric or artificial light sources 190. The control signals may be used to adjust an
lluminance of the artificial light source and, as will be described with regard to the invention
claimed, one or more additional characteristics of the artificial or electric light source 190.

[0019] The combination of the natural light provided to through the motorized blinds 170 and
the artificial light provided through the electric light source 190 i1s then measured by a
photosensor 195. Photosensor can ascertain the contribution of daylight and artificial light to
overall illuminance. An output of the photosensor 190 Is then provided to In this illustrated
example, an adder 197/, that determines a desired level of illuminance (and other additional
characteristics) of the artificial or electric light source 190, based on a desired set point 198.
The set point 198 may be determined based on criteria, such as occupancy, time of day, utility
pricing, user input etc.

[0020] Although Figure 1B illustrates element 197 as an adder, it would be recognized that the
element 197 may also represent a processor that processes the information provided digitally.
Similarly, the elements of setpoint 198, electric light controller 180 and blind controller 165 may
also be represented by one or more processors that process information provided in a digit
manner.

[0021] In addition, the set point for illuminance and other additional characteristics of the
electric light source may be set in a predetermined manner or schedule, such as based on
time of day, or may be set in response to received commands (not shown) that require that the
electric or artificial light sources be adjusted based on changing conditions. For example, a
utility supplier, In cases of emergency, may require that the electrical consumption be reduced
and, thus issue commands that cause the set point to be changed and, hence, overriding any
previous predetermined schedule. Or the set point may be changed from a predetermined
schedule based on whether the space or area remains occupied during times that the
predetermined schedule fails to consider that space or area being occupied. Or the set point
may be changed from a predetermined schedule based on a received Iinput value. For
example, a space that i1s unoccupied may be operating in a low lighting condition mode (e.g., a
museum) when a space Is unoccupied. However, an input may be received (from a motion
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sensor) that indicates the space may be occupied and the light condition may be raised to a
higher or more comfortable lighting mode. In another example, a space that is occupied may
be operating in a comfortable lighting mode but may require a further higher lighting condition
upon demand. In this case, an input may be processed that causes an even higher level of
lighting to be achieved.

[0022] Figure 2 Illustrates an expanded view of areas 134, 135, 136 within area 130. Area 134,
for example, includes at least one window 220 and a door 210. Window 220 allows the entry of
a natural light into the area 130. Area 130 further includes at least one illumination or lighting
element 240 that provides lighting to the area. A switch 230 turns on or off selected ones of the
lighting elements 240 within area 130. Switch 230 may be one of a conventional on/off switch,
a motion sensor switch, and an ambient light sensor or other device that may control the
llHlumination output of lighting elements 240.

[0023] Area 135 Is on open or utility area that also includes at least one lighting element 240.
The utility area 135 may represent a corridor between different areas. A switch controlling the
lighting elements 240 within the utility area 135 may be local or may be remote to the area,
wherein the remote switch may control lighting elements in a plurality of utility areas.

[0024] Area 136 represents an enclosed area that includes a door 250 but lacks a window. In
this case, the illumination provided by illumination or lighting elements Is the only source of
lllumination in area 136.

[0025] In accordance with the principles of the Iinvention, methods for managing the lighting
elements in each area type Is disclosed.

[0026] With reference to area 134, which includes both daylight and at least one electrical (i.e.,
artificial) light source, it is known that the intensity of the light generated by the artificial light
source may be reduced as the intensity of the daylight increases.

[0027] However, luminous efficacy and Color Rendering Index (CRI) are two key performance
metrics of light sources. Luminous efficacy of a source 1s a measure of how efficiently a light
source produces visible light. It 1s the ratio of total luminous flux emitted and input electric
power. Luminous efficacy is typically expressed in lumens per Watt (Im/W) in Sl units.

[0028] CRI is the measure of a light source's ability to render the true colors of physical objects
In comparison with an ideal or natural light source. The color rendering performance of a
source Is determined by its spectral power distribution. A broad emission spectrum distributed
throughout the visible region generally results in high CRIs. A predefined form of natural light
and a black body radiator have a CRI value of 100. For general illumination purposes CRI
values In the 70s are considered 'acceptable’, and values greater than 80 are considered as
'good’'. Higher CRI light sources are desirable in studios, museums, art galleries and exhibition
halls whereas high luminous efficacy sources are desirable In street lighting applications.
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[0029] Luminous efficacy and color rendering are determined solely by the spectrum of the
source. A fundamental trade-off exists between the luminous efficacy and CRI. In other words,
iImprovements in luminous efficacy come at the expense of CRI and vice versa. Modern light
sources, such as LEDs, enable dynamic tuning of CRIs.

[0030] Thus, In accordance with the principles of the invention it is desired to maintain the CRI
of a combination of daylight and artificial light (i.e., mixed-light) at a desired target level while
dynamically adjusting the CRI of electric light source In response to variation in daylight. Since
the CRI of the daylight i1s close to 100, if the contribution of daylight in the mixed light increases
then the CRI of artificial light source can be reduced while maintaining the CRI of the mixed
light above a desired, target, or predetermined level. For example, during night when daylight
IS absent, the CRI of the artificial light source can be set to a desired value (e.g., 85) to
maintain a quality lighting environment. On the other hand, when the contribution of daylight
and artificial light are equal (e.g. 50% each) in a mixed visible light environment, then the CRI
of the artificial light can be set to a lower value (e.g., 70) while attaining an overall desired CRI
for the mixed light. That is, a lower CRI of 70 with 50% contribution and a daylight CRI of 100
with 50% contribution results in a total CRI of 85 (i.e.,70"0.5+100%0.5=85). In this case
significant energy savings can be attained while maintaining the quality of mixed light.

[0031] Figure 3 illustrates a flow chart of an exemplary process 300 for controlling CRI in view
of a lighting condition In accordance with the principles of invention. In this exemplary process,
overall illumination, at a reference location (e.g., area 134), is the sum of daylight illuminance,
lp, and artificial light illuminance, Ig. At step 310 a determination i1s made of the illumination of

the electric (artificial) light intensity and at step 320 a determination is made of the illuminance
of the daylight (natural light) at the reference location. At block 330, a determination is made of
a ratio (denoted by 8) of daylight illuminance |g to overall illuminance (Ip + Ig) at the reference

location.

) ID'

0 = 0<i<1
Ir + I

[0032] A normalized contribution of electric light to overall illuminance at the same location is

given by 1-6.
Iy
1—-0=
In + I

[0033] At block 340, the CRI of each of the artificial light sources, the daylight and the mixed
light are obtained and/or determined. The CRI of daylight, electric light and mixed (i.e., daylight
+ electric light) light are denoted by Cp, Ceg and Cy respectively. The relationship between

these quantities i1s characterized by the following equation.



DK/EP 2898755 13

[0034] The CRI of daylight is well known and can be fixed (block 350).

[0035] The real-time value of 6 can be determined using photo-sensors (see Figure 1B). As
mentioned earlier, the preferred CRI of mixed light I1s application dependent. For general
lHlumination purposes CRI values in the 70s are considered 'acceptable’, and values greater
than 80 are considered as 'good'. Thus, a target CRI| value may be set based on conditions
that may be determined based on the desires of the user.

[0036] For a given application, the desired value of CRI for the mixed light can also be fixed
(block 360). Thus, a minimum value of CRI for electric light to maintain a CRI of mixed light at

or above a desired threshold (target level) can be derived at block 370 as:

(=2 Max|0,
. [ 1—0

[0037] At block 380, maintaining the CRI of electric light at least Cg will ensure that CRI of
mixed light is at least Cp.

[0038] Figure 4 illustrates a graph 400 of the operation of the adjustment of the CRI in view of
a change In natural light that may enter an enclosed area, (e.g., area 134) while maintaining a
desired or predetermined CRI of mixed light according to a predetermined schedule In
accordance with the principles of the Invention. In this exemplary operation, Figure 4
represents, on the x-axis a time of day between 12:00AM of an exemplary date of January 1,
2012, through 12:00AM of the next day (i.e., January 2, 2012). The left most y-axis represents
an illuminance (in lux) of an area, a space or an environment and the right most y-axis
represents the CRI within the space (or environment).

[0039] Line 410 represents a typical variation in daylight illuminance (in lux) throughout the day
at a reference location (space, environment) between the times of 12AM of one day through to
12AM of the next day. As would be recognized, as the daylight increases from sunrise
(approximately 6AM) to sunset (approximately 6PM) the illuminance of the natural light
Increases from a minimum value (at 6AM) to a maximum value (e.g., 380 lux) at 12Pm back to
a minimum value (at 6PM).

[0040] As an example of the processing of the present invention, a target illuminance at the
reference location (e.g., area 134) is 500 lux. To maintain illuminance of 500 lux, the artificial
light sources are dimmed (i.e., Intensity dimming) in proportion to the Increase In daylight
lluminance. Thus, the illuminance contributed by the artificial light sources, which 1s depicted
by line 430decreases as the daylight illuminance increases. Thus, the artificial light source
Illuminance, which may be initially set at the target illuminance of 500 lux to maintain the target
lluminance when no daylight i1s present, is reduced as the daylight illuminance increases from
approximately 6AM to approximately 12PM. The electric light source illuminance may then be
Increased as the daylight illuminance decreases from 12PM to 6AM, such that the illuminance
of the mixed light created by the combination of the daylight and artificial light sources
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maintains the desired illuminance (e.g., 500 lux)..

[0041] In addition, line 405 illustrates a typical CRI of natural light (i.e., 100 percent) and line
440 Illustrates the varying CRI of the electric light source according to the principles of this
Invention in order to maintain a desired CRI (i.e., 85 as presented by line 420) of the mixed
light. In this illustrated example, the CRI of the electrical light source Is set to a desired value
(e.g., 89) In the absence of daylight (e.g., between 12AM and 6AM). As the daylight increases
from 6AM to 12PM the CRI of the electrical light sources Is altered as the electrical light
sources are Intensity dimmed. Thus, by varying the CRI of the electric light source(s) as the
electric light sources are intensity dimmed, the CRI of the mixed light may be maintained at the
desired level (e.g., 85) as represented by line 420. Additional, as the daylight decreases (12PM
to 6AM), the CRI of the electrical light source(s) in again increased such that the combined CRI

of the mixed light (i.e., daylight and artificial light source) is maintained at the desired level
(e.g., 895).

[0042] Accordingly, by dynamically varying the CRI of electric light in the presence of the
natural light source, a significant energy can be saved over and above the savings afforded by
conventional intensity dimming while maintaining the quality of overall illumination.

[0043] Figure 5 illustrates a graph 500 of another exemplary operation of the adjustment of the
CRI of an illumination source In accordance with the principles of the invention. In this
exemplary operation, the x-axis and the right y- axis and left y-axis of Figure 5 are the same as
those of Figure 4 and need not be repeated herein.

[0044] Line 510 represents a typical variation in daylight illuminance (in lux) throughout the day
at a reference location between the times of 12AM through to 12AM, as previously described.
A target illuminance at the reference location (e.g., area 134) I1s again set to an exemplary 500
lux. To maintain illuminance of 500 lux, the electric lights are dimmed in proportion to the
daylight which is depicted by line 530 (intensity dimming), as previously described with regard
to Figure 4. However, In this case, as the illuminance of the natural light exceeds the desired
500 lux, at approximately 10AM, the output of the illuminating or artificial light source(s) Is
driven to zero (line 540). That i1s, as the daylight alone Is sufficient to provide the target
lluminance, there I1s no need to expend any energy in providing illuminance from the artificial
light sources. As the artificial light source(s) is driven to zero output, the CRI of the artificial light
source I1s also zero and the CRI of the mixed light rises from 85 (line 520) to 100 (line 509%5),
which is comparable to the CRI of the natural light. Similarly, as the natural light decreases with
the passage of time, the illuminance of the daylight falls below the target illuminance (at
approximately 2PM) and the artificial light source(s) 1s turned on to provide sufficient
llluminance to maintain the target illuminance. The illuminance from the artificial light source(s)
Increases as the daylight decreases such that the target illuminance (e.g., 500 lux) Is
maintained. In addition, the CRI of the artificial light sources Is increased, as represented by
ine 530 to maintain the mixed light CRI at the desired level (e.g., 85).

[0045] Figures 6 and 7 illustrate graphs 600, 700, respectively, of an exemplary operation of
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the adjustment of the CRI of an illumination, electrical, or artificial light source without intensity
dimming of the artificial light source in accordance with the principles of the invention. The axis

of Figures 6 and 7 are similar to those described with regard to Figure 4 and the description of
these quantities need not be repeated again, herein.

[0046] In Figure 6, line 610 represents the illuminance of the natural light, and line 630
represents the illuminance contributed by the artificial light source. Lines 605 and 620
represent the CRI of the natural light and a target mixed light, respectively, as previously
described. Line 640 represents the adjustment to the CRI of the electric light sources as the
llluminance of the daylight (line 610) increases (and decreases) to maintain the target CRI of
the mixed light (daylight + light source) at the target level (e.g., 85).

[0047] Thus, the CRI of the artificial light source Is adjusted, as previously described (line 640),
while the illuminance of the artificial light source remains constant as the light source(s) i1s not
dimmed (line 630).

[0048] In Figure 7, which Illustrates a case similar to Figure 5, wherein the illuminance of the
daylight exceeds the target illuminance (e.g., 500 lux) and similar to Figure 6, wherein the
artificial sources are not dimmed. In this case, line 710 represents the illuminance of the
natural light, which becomes greater than the desired target luminance (i.e., 500 |ux) during
the period approximately between 10AM and 2PM. Line 705 represents the CRI of the natural
light (1.e., 100), as previously described and e line 720 represents the CRI of the mixed light
maintained at the desired target level (e.g., 85). Line 730 represents the illuminance of the

artificial light source(s) and line 740 illustrates the adjustment of the CRI of the artificial light
source as the illuminance of the natural light increases without dimming of the light sources.

[0049] It would be noted that because the electric light source 1s not dimmed and remains In
an "on" state, and the CRI of the mixed light remains at the desired CRI, the CRI of the artificial

light sources 1s adjusted (line 740) as the illuminance of the natural light source (i.e., daylight)
InCreases/decreases.

[0050] As would be appreciated, the principles of the invention may be extended to account for
non-uniform distribution of daylight and multiple light sources in a space

[0051] Typically, in indoor environments or areas, the daylight enters the space through
windows or skylights. Daylight intensity decreases in the interior of the space as the distance
from window or skylight Increases. Also, most spaces are Ilit using multiple light
sources/luminaires (see Figure 2, elements 240). Thus the overall CRI at a reference location
within an area (e.g., 130) 1s a sum of weighted linear combination of CRIs of light sources

(daylight + electric light). The weight of each light source Is the fraction of illuminance
contributed by that source. In this scenario, deriving the CRI| of each electric light source

Individually using the above process will result in an approximate CRI distribution.

[0052] Hence, to provide for a more complete solution of the multiple light source CRI
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distribution, when an environment is illuminated by N tunable CRI light sources and daylight, M
reference points may be defined in the environment where a desired CRI| of mixed light above
a pre-defined value Cy 1s to be maintained. The illuminance contributed by electric light source

| at a reference point j is denoted by l;;. The illuminance contributed by daylight at a reference
point ] is denoted by Ip;. The CRI of daylight is constant and denoted by Cp. The objective is to
find the CRI of each electric light source (i) denoted by cg; such that the sum of CRIs of all the
electric light sources 1s minimized. The feasible range of cg; IS bounded by upper bound
(CEMax) and lower bounds (Cgpmin). Note that in the below problem formulation, except for the

CRIs of electric light sources (cg;), all the other quantities are fixed.

[0053] The illuminance (Ip;) contributed by daylight at a reference pointj can be measured by a

photo-sensor located at point | when all the electric light sources are turned off. The
lluminance contributed by electric light source | at a reference point] can be measured by a
photo-sensor placed at point | when electric light source 11s on but all other light sources are
turned off and daylight is absent. If daylight is present then daylight can be subtracted from the

photo-sensor measurement to derive the contribution of a given electric light.
N

Min Z Cg,

t=1

N

Z li; o g Ipj C,>Cy Vi=1 ..M
ZI}LlIkJ + ID] bi Egzljk' + ]Dj D =— “M g wre g 18

=1 J

CEMI?I S CE[ S CEMGI' VL — 1} ...;N

[0054] Above Is a linear optimization problem which can be easily solved using well known
methods. This problem must be solved again whenever the daylight or electric light intensity
changes. When the daylight is absent, a feasible solution is readily found by setting cg; = Cy

for all =1,..., N. In other words, In the absence of daylight all the electric lights can be set to the
pre-defined CRI to ensure that the CRI requirements are met.

[0055] In accordance with an aspect of the invention, when no daylight is present (i.e., when
time I1s between 12AM and 6AM and between 6PM and 12AM In Figure 4, or when the lighting
IS within area 136 (no outside light source), then the CRI of the illumination source may be
adjusted to take advantage of a tradeoff between CRI and luminous efficiency.

[0056] One of the applications of this method Is to save costs by reducing load during the peak
pricing and peak demand periods. Utility companies have to build infrastructure to meet peak
demand which incurs higher capital expenditure. Furthermore, the cost of generating additional
power on a short notice Is significantly higher because it employs expensive technologies.
Thus, to reduce peak demand utility companies encourage their customers to cut back on
peak demand by charging them more In proportion to their peak demand. Customers have
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financial incentives to actively manage their demand and shed the unnecessary load to prevent
demand spikes. Additionally during energy shortages, the utility companies send demand
response signal to customers requesting and sometime mandating them to shed demand.

[0057] In addition to peak demand based charges, the customers are also charged based on
actual usage of electricity measured in kWHr (kilowatthours). The rates of electricity vary by
time-of-day and seasonally. To incentivize load shifting/shedding, the utility companies charge
higher tariff during on-peak durations and lower tariffs during off-peak durations. Some utility
companies have three tire rate schedule for on-peak, mid-peak and off-peak durations where
electricity rates during on-peak durations are typically the highest followed by mid-peak
duration, followed by off-peak duration. Thus, for customers it would be beneficial not only to
reduce peak-demand but also to draw less power from grid during on-peak hours.

[0058] To prevent demand spikes from overwhelming the grid during critical shortages, the
cost of electricity during critical peak pricing events Is generally an order of magnitude higher

compared to off-peak periods. Hence, shedding the load from grid during on-peak and CPP
periods can significantly reduce the energy costs.

[0059] For example, during the off-peak periods (e.g. 11 p.m. to 8 a.m., weekdays and all day
on weekends, including holidays during summer season) the CRI of the artificial illumination
light sources may be set to a specified minimum value whereas during on-peak durations (e.qg.
Noon to 6 p.m., weekdays except holidays during summer season) the CRI of the electrical
light source(s) may be allowed to drift lower while maximizing the luminous efficacy. Similarly
when a light source operates In a demand saver mode (e.g. during a demand response or
critical peak pricing event), attempts to maximize the luminous efficacy while sacrificing the CRI
may provide significant savings. Thus, when an area, for example, 136 of Figure 2, Is

occupied, (l.e., a comfort mode) the present invention maintains the CRI to a per-defined
minimum value while attempting to improve luminous efficacy.

[0060] Figure 8 illustrates state transition diagram 800 of an exemplary embodiment of the
iInvention. In this embodiment, the light source(s) 240 (Figure 2) operates In either a demand
saver mode (810) or in a comfort mode (820). Whether a light source operates under demand
saver mode (810) or comfort mode (820) Is decided based on the demand response signals
from the utility or inputs from a facility manger (e.g., power grid). In the comfort mode (820), a
higher CRI value 1s desirable for occupant comfort and visual acuity. Hence, according to the
principles of this invention, in the comfort mode (82), the light source iIs driven to maximize the
luminous efficacy while maintaining the CRI above a threshold denoted by H in Figure 8. On
the hand when the demand saver mode (810) Is activated, the light source Is driven to
maximize the luminous efficacy while maintaining the CRI| above a threshold denoted by L In
Figure 8. In this embodiment, O < L < H < 100. Additional efficacy gains achievable due to a
change in the CRI threshold from a high value H to a low value L is proportional to the absolute
difference between H and L. Large difference leads to higher energy savings and vice versa.

[0061] Figure 9 illustrates a state transition diagram 900 of a second aspect of the invention. In
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this aspect of the invention, the light source operates in one of the three modes, namely, Off-
peak 910, Mid-peak 920 and On-peak 930. The state transition among various modes Is
governed by time of use and/or utility pricing. For example, during off-peak pricing periods, the
source operates In an off-peak mode 910. Similarly, during an on-peak pricing period the
source operates in an on-peak mode 930.

[0062] In the off-peak period (910), a higher CRI value I1s desirable. Hence, according to the
principles of this invention, the light source Is driven to maximize the luminous efficacy while
maintaining the CRI| above a threshold denoted by H. On the hand during on-peak period
(930), the light source is driven to maximize the luminous efficacy while maintaining the CRI
above a threshold denoted by L. During mid-peak period (920), the light source Is driven to
maximize the luminous efficacy while maintaining the CRI| above a threshold denoted by M. In
this embodiment, 0 <L <M < H < 100. Typically, L<M<H.

[0063] It 1s understood that in many applications, the light intensity may change with the
change In mode of operation. For example the lights may dim in demand saver mode.
Moreover, the CCT of the source may also change in addition to the dimming of the source.
The principles of this aspect of the invention can be applied irrespective of whether the lights
are dimmed, brightened or maintained at the same level, or CCT of the light source Is changed
or maintained at the same level.

[0064] Another aspect of the invention 1s to dynamically exploit the trade-off between the CRI
and luminous efficacy based on the operating conditions to save energy. For example, when
the space Is occupied the CRI is set to the specified value (i.e., target values) whereas when
space Is unoccupied the CRI is allowed to drift lower while maximizing the luminous efficacy.
Similarly when a light source operates in energy saver mode, in accordance with the principles
of the Invention, attempts to maximize the luminous efficacy while sacrificing the CRI Is
performed whereas in a comfort mode the invention maintains the CRI to a per-defined value
while attempting to improve luminous efficacy:.

[0065] Figure 10 illustrates a state transition diagram 1000 in areas such as 133, Figure 2,
wherein the lighting may be required to be maintained whether the area is occupied or not, as
this area may represent an emergency route.

[0066] In this embodiment, the light source 240 operates In either an occupied mode 1010 or
INn an unoccupied mode 1020. Whether a space (e.g., 133) Is occupied or unoccupied Is
decided based on the input(s) from associated occupancy/motion sensor(s) (or other types of
sensors) that monitor the space. A variety of occupancy sensors are available in the market
that can detect whether a space 1s occupied or unoccupied using Infra-Red, Ultrasound and/or
Microwave technology. In the occupied state 1010, a higher CRI value Is desirable for occupant
comfort and visual acuity. Similarly, in surveillance applications, when motion 1s detected, a
higher CRI value I1s preferred for a better picture quality. Hence, according to the principles of
this invention, in the occupied state 1010, the light source Is driven to maximize the luminous
efficacy while maintaining the CRI| above a threshold (target value) denoted by H. On the hand
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when the space Is vacated (unoccupied), 1020, the light source Is driven to maximize the
luminous efficacy while maintaining the CRI above another threshold denoted by L. In this
embodiment of the invention, 0 < L < H < 100. Additional efficacy gains achievable due to
change In the CRI threshold from a high value H to a low value L is proportional to the absolute
difference between H and L. Large difference leads to higher energy savings and vice versa.

[0067] Figure 11 Illustrates a state transition diagram of another embodiment of the invention.
In this embodiment, the light source operates in either a comfort mode 1110 or Iin an energy
saver mode 1120. The state transition between the comfort and energy saver modes may be
governed by one or more of the following conditions.

1. 1) When the power Is drawn from a mains supply, the module operates in comfort mode
1110. However, the module transitions to energy saver mode 1120 if mains power supply
IS disrupted and backup power supply (e.g. battery) i1s used to power the module.

2. 2) The module operates in comfort mode 1110 during regular operating hours. However,
during afterhours (e.g. nights and weekends) the module may transition to energy saver
mode 1120 based on the pre-defined schedule.

3.3) In applications such as cinematography and photography the light module may
operate Iin energy saver mode 1120 when camera is idle. On the other hand the light
module can be driven in comfort mode 1110 when camera is on.

[0068] In the comfort mode 1110 a higher CRI value Is desirable. Hence, according to the
principles of this invention the light source is driven to maximize the luminous efficacy while
maintaining the CRI| above a threshold (a target value) denoted by H. On the hand, during
energy saver mode 1120, the light source i1s driven to maximize the luminous efficacy while
maintaining the CRI above a threshold (a target value) denoted by L. In this embodiment O < L
<H =< 100. Typically, L<H.

[0069] It Is understood that in many applications, the light intensity may change with the
change In mode of operation. For example the lights may dim in energy saver mode. The
principles of this invention can be applied irrespective of whether the lights are dimmed,
brightened or maintained at the same level.

[0070] Another aspect of the Invention iIs to dynamically tune the CCT (Correlated Color
Temperature) based on the operating conditions to save energy. For example, when the space
IS occupled the CCT Is set to the specified value whereas when space Is unoccupied the CCT
IS sacrificed for higher luminous efficacy. Similarly when a light source operates in energy saver
mode, according to the principles of the invention the luminous efficacy may be maximized
while allowing the CCT to drift whereas in comfort mode it maintains the CCT to a per-defined
value (i.e., target value) while attempting to improve luminous efficacy.

[0071] Figure 12 illustrates a state transition diagram of an embodiment of the invention. In
this embodiment, the light source operates Iin either the occupied mode 1210 or In the
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unoccupied mode 1220. Whether a space Is occupied or unoccupied Is decided based on the
Input(s) from the associated occupancy/motion sensor(s) that monitor the said space. A variety
of occupancy sensors are available in the market that can detect whether a space iIs occupied
or unoccupied using Infra-Red, Ultrasound and/or Microwave technology. In the occupied
state, CCT can be tuned for occupant comfort and visual acuity. Similarly, in the surveillance
applications, when motion 1s detected, the CCT may be tuned for a better picture quality.
Hence, according to the principles of this invention, in the occupied state, the light source Is
driven to maximize the luminous efficacy while maintaining the CCT near the threshold
denoted by A. On the hand, when the space Is vacated (1120) the light source is driven to
maximize the luminous efficacy while maintaining the CCT near a threshold denoted by B.
Typically, for blue LED generated and phosphor converted white light, A<B I1.e. generating
higher CCT cool white light i1s generally more efficient than generating lower CCT warm white
light. Additional efficacy gains achievable due change in the CCT threshold is proportional to
the absolute difference between A and B. Large difference leads to higher energy savings and
vice versa.

[0072] Figure 13 lllustrates a state transition diagram 1300 of another embodiment of the
iInvention. In this embodiment, the light source operates in either the comfort mode 1310 or In
the energy saver mode 1320. The state transition between the comfort and energy saver
modes could be governed by one or more of the following conditions.

1. 1) When the power is drawn from mains supply, the module operates in comfort mode.
However, the module transitions to energy saver mode If mains power supply Is
disrupted and the backup power supply (e.g. battery) is used to power the module.

2.2) The module operates iIn comfort mode during regular operating hours. However,
during afterhours (e.g. nights and weekends) the module may transition to energy saver
mode based on the pre-defined schedule.

3.3) In applications such as cinematography and photography the light module may
operate In energy saver mode when camera is idle. On the other hand the light module
can be driven in comfort mode when camera is on.

4. 4) In a demand response application, whether a module operates under energy saver
mode or comfort mode i1s decided based on the demand response signals from the utility
or inputs from the facility manger.

[0073] In the comfort mode 1310, CCT is tuned for visual comfort of the occupants or to meet
the requirements of the applications (e.g. photography). Hence, according to the principles of
this invention, the light source is driven to maximize the luminous efficacy while maintaining the
CCT near a threshold denoted by X. On the hand during energy saver mode 1320, the light
source Is driven to maximize the luminous efficacy while maintaining the CCT near a threshold
denoted by Y. As discussed above, typically, X<Y.

[0074] Figure 14 illustrates a state transition diagram 1400 of yet another embodiment of the
iInvention. In this embodiment, the light source operates in one of the three modes, namely,
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Off-peak 1410, Mid-peak 1420 and On-peak 1430. The state transition among various modes
IS governed by time of use and/or utility pricing. For example, during off-peak pricing period,
the source operates Iin off-peak mode. Similarly, during on-peak pricing period the source
operates In on-peak mode.

[0075] During the off-peak period 1410, CCT Is tuned for visual comfort of the occupants.
Hence, according to the principles of this invention, the light source Is driven to maximize the
luminous efficacy while maintaining the CCT around a threshold (target value) denoted by L.
On the hand during on-peak period 1430, the light source Is driven to maximize the luminous
efficacy while maintaining the CCT around a threshold (target value) denoted by H. During the
mid-peak period 1420, the light source Is driven to maximize the luminous efficacy while
maintaining the CCT around a threshold (target value) denoted by M. Since LED efficiencies
are proportional to CCT, higher CCT means higher efficiency. Thus, typically, L<M<H.

[0076] It 1s understood that In many applications, the light intensity may change with the
change in mode of operation. For example the lights may dim in the off-peak mode. Moreover,
the CCT of the source may also change in addition to dimming. The principles of this invention
can be applied irrespective of whether the lights are dimmed, brightened or maintained at the
same level, or CRI of the light source i1s changed or maintained at the same level.

[0077] Although principles of the invention are described with regard to CRI| and CCT, the
methods disclosed herein are equally applicable to other color rendering metrics or
characteristics, such as Color Quality Scale (CQS), Gamut Area Index (GAIl), Gamut Area

Scale (GAS), Color Harmony Rendering Index (HRI), and Delta-uv (Duv).

[0078] The above-described methods according to the present invention can be implemented
In hardware, firmware or as software or computer code that can be stored Iin a recording
medium such as a CD ROM, an RAM, a floppy disk, a hard disk, or a magneto-optical disk or
computer code downloaded over a network originally stored on a remote non-transitory
recording medium or a non-transitory machine readable medium and to be stored on a local
recording medium, so that the methods described herein can be rendered in such software
that 1s stored on the recording medium using a general purpose computer(s), or a special
processor(s) or in programmable or dedicated hardware(s), such as an ASIC or FPGA. As
would be understood In the art, the computer(s), the processor(s), microprocessor controller(s)
or the programmable hardware(s) include memory components, e.g., RAM, ROM, Flash, etc.
that may store or receive software or computer code that when accessed and executed by the
computer(s), processor(s) or hardware(s) implement the processing methods described
herein. In addition, it would be recognized that when a general purpose computer(s) accesses
code for mplementing the processing shown herein, the execution of the code transforms the
general purpose computer(s) into a special purpose computer(s) for executing the processing
shown herein.

[0079] The terms "a" or "an” as used herein are to describe elements and components of the
iInvention. This is done merely for convenience and to give a general sense of the invention.
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The description herein should be read to include one or at least one and the singular also
Includes the plural unless indicated to the contrary.

[0080] The term "comprises”, "comprising”, "Includes”, "Including”, "as”, "having", or any other
variation thereof, are Iintended to cover non-exclusive Inclusions. For example, a process,
method, article or apparatus that comprises a list of elements i1s not necessarily limited to only
those elements but may include other elements not expressly listed or inherent to such
process, method, article, or apparatus. In addition, unless expressly stated to the contrary, the
term "or" refers to an inclusive "or" and not to an exclusive "or". For example, a condition A or
B 1s satisfied by any one of the following: Ais true (or present) and B Is false (or not present); A
IS false (or not present) and B is true (or present); and both A and B are true (or present).
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Patentkrav

1. Fremgangsmade, anvendeligt i et computersystem, til styring af belysning i et

miljg, hvilken fremgangsmade omfatter:
at modtage illuminansinformation forbundet med mindst en kunstig
belysningskilde i neevnte miljg (310);
kendetegnet ved
at bestemme en illuminansveerdi forbundet med en naturlig lyskilde (320);
at bestemme et forhold mellem naevnte illuminans af naevnte naturlige
lyskilde og en illuminans af et blandet lys, idet naevnte blandede lys
repraesenterer illuminans af naevnte mindst ene kunstige belysningskilde og
naevnte naturlige lyskilde (330);
Og
at bestemme et farvegengivelsesindeks (Color Rendering Index - CRI) af
naevnte blandede lys baseret pa et tilsvarende farvegengivelsesindeks
(CRI) af naevnte mindst ene kunstige lyskilde og naevnte naturlige lyskilde
(370); og
at tilpasse naevnte illuminans af naevnte mindst ene kunstige lyskilde for at
opna et illuminansmalniveau af navnte blandede lys;
mens naevnte farvegengivelsesindeks (CRI) af naevnte mindst ene kunstige
lyskilde tilpasses dynamisk for at bevare et malniveau af navnte
farvegengivelsesindeks (CRI) baseret pa naevnte bestemte forhold mellem

illuminans af navnte naturlige lyskilde og en illuminans af naavnte
blandede lys (380).

2. Fremgangsmaden ifglge krav 1, yderligere omfattende:
at indstille naavnte malniveau af naevnte farvegengivelsesindeks (CRI) baseret pa
om naavnte miljg er et af: optaget (1010) og ikke-optaget (1020).

3. Fremgangsmaden ifglge krav 1, yderligere omfattende:
at indstille naavnte malniveau af naevnte farvegengivelsesindeks (CRI) baseret pa
om naavnte miljg er et af: en komfortmodus (820, 1110), en behovsparemodus

(830) og en energisparemodus (1120).
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4. Fremgangsmaden ifglge krav 3, hvor naevnte malniveau af navnte
farvegengivelsesindeks (CRI) er hgjere i naevnte komfortmodus end naevnte

malniveau i naevnte behovsparemodus og navnte energisparemodus.

5. Fremgangsmaden ifglge krav 1, yderligere omfattende:

at indstille naavnte malniveau af naevnte farvegengivelsesindeks (CRI) baseret pa
et input forbundet med en modus valgt fra en gruppe bestaende af: taendt-
toppunkt, midt-toppunkt og slukket-toppunkt, hvor navnte malniveau af naevnte
teendt-toppunkt er hgjere end et malniveau af naevnte midt-toppunkt, som er

hgjere end et malniveau af naevnte slukket-toppunkt.

6. Fremgangsmaden ifglge krav 1, hvor naavnte malniveau af naevnte
farvegengivelsesindeks (CRI) er baseret pa en af: et forudbestemt program, en

anvendelsestid, en forsyningsprisseetning og en modtaget inputvaerdi.

7. System til styring af belysning i et miljg, idet naevnte system omfatter:
en flerhed af sensorenheder i naevnte miljg;
en computer i forbindelse med naevnte flerhed af sensorenheder og en
hukommelse, idet hukommelsen inkluderer kode, som, nar den tilgas af
naevnte computer, far naevnte computer til at udfgre trinnene:
at modtage input fra udvalgte sensorenheder af naevnte flerhed af
sensorenheder;
kendetegnet ved
at bestemme illuminans leveret af mindst en belysningskilde og en naturlig
lyskilde;
at bestemme en faktor forbundet med procentdelen af illuminans
tilvejebragt af naevnte naturlige lyskilde i forhold til en samlet illuminans
tilvejebragt af en kombination af naevnte naturlige lyskilde og naevnte
mindst ene belysningskilde; og
at tilpasse mindst en illuminans og et farvegengivelsesindeks (CRI) af
naevnte mindst ene lyskilde til et tilsvarende malniveau baseret pa naevnte
illuminans af naevnte naturlige lyskilde og en tilsvarende mindst ene
vderligere lyskilde forbundet med naevnte naturlige lyskilde, hvor naevnte
tilpasning af naevnte farvegengivelsesindeks (CRI) er baseret pa naevnte

bestemte faktor.
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8. Systemet ifglge krav 7, yderligere omfattende:
at indstille malniveauet af naevnte farvegengivelsesindeks (CRI) baseret pa om

naevnte miljg er et af: optaget og ikke-optaget.

9. Systemet ifglge krav 7, hvor naevnte malniveau af navnte
farvegengivelsesindeks (CRI) er hgjere i naevnte optaget miljg end naevnte

malniveau i navnte ikke-optagetmiljg.

10. Systemet ifglge krav 7, yderligere omfattende:
at indstille naavnte malniveau af naevnte farvegengivelsesindeks (CRI) baseret pa
om naevnte miljg er et af: en komfortmodus, en behovsparemodus og en

energisparemodus.

11. Systemet ifglge krav 7, yderligere omfattende:

at indstille naavnte malniveau af naevnte farvegengivelsesindeks (CRI) baseret pa
et input forbundet med en modus valgt fra en gruppe bestaende af: taendt-
toppunkt, midt-toppunkt og slukket-toppunkt, hvor naevnte malniveau af naevnte
teendt-toppunkt er hgjere end et malniveau af naevnte midt-toppunkt, som er

hgjere end et malniveau af naevnte slukket-toppunkt.

12. Computerprogramprodukt indeholdende kode derpa, idet naevnte kode, nar
den indlaeses i et computersystem, far computersystemet til at udfgre trinnene:
at modtage illuminansinformation forbundet med mindst en belysningskilde
| naevnte miljg;
kendetegnet ved
at modtage illuminansvaerdi forbundet med en naturlig lyskilde; at
bestemme et forhold mellem naevnte illuminans af naevnte naturlige
lyskilde og en illuminans af et blandet lys, idet naevnte blandede lys
repraesenterer naevnte mindst ene belysningskilde og naevnte naturlige
lyskilde;
Og
at bestemme et farvegengivelsesindeks (CRI) af naevnte blandede lys
baseret pa et tilsvarende mindste ene yderligere kendetegn af naevnte
mindst ene elektriske lyskilde og naevnte naturlige lyskilde; og
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at tilpasse naevnte illuminans af naevnte mindst ene elektriske lyskilde for
at opna et illuminansmalniveau af naevnte blandede lys;

mens naevnte farvegengivelsesindeks (CRI) af naevnte mindst ene
elektriske lyskilde indstilles dynamisk for at bevare et malniveau af navnte
farvegengivelsesindeks (CRI) baseret pa naevnte bestemte omfang af

illuminans af naevnte naturlige lyskilde i forhold til et omfang af naevnte

illuminans af et blandet lys.
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