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METHOD OF GROWING PLANTS USING LED LIGHT AND LED LIGHT

SYSTEM EMPLOYING SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of US Provisional Patent Application Serial
No. 62/500,096, filed May 02, 2017, and US Provisional Patent Application Serial
No. 62/586,315, filed November 15, 2017, the content of each of which is incorporated

herein by reference in its entirety.

FIELD OF THE DISCLOSURE

The present disclosure relates to methods and systems for growing plants using
Light-Emitting Diode (LED) lights, and in particular to methods and systems for

controlling LED lights to facilitate and enhance plant growth.

BACKGROUND

Light-Emitting Diodes (LEDs) are known and have been widely used in many
industries, mostly as low-power light indicators. In recent years, LEDs with increased
power output or increased luminous intensity have been developed and used for
illumination. For example, with improved energy efficiency, safety, and reliability, LED
lights are replacing other types of lights in the market such as incandescent lights, Compact
Fluorescent Lamps (CFLs), and the like. As everyday lighting significantly contributes to
the burden on power grids and greatly increases the overall requirements for electricity
generation, the energy efficiency of LEDs will play a crucial role in future energy savings.
It is likely that LEDs will dominate the lighting markets because of their superior energy

efficiency.
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LEDs with increased power output and/or increased luminous intensity have also
been used as light sources for growing plants and the like. Such LEDs, which are
sometimes called LED grow lights, provide various advantages such as producing precise
wavelengths of lights, high intensity, high efficiency, and the like. LED grow lights are
also advantageous for indoor plant growing as the process of growing plants can be
performed in controlled environments with much less risks and other unwanted outdoor

variables.

The plant growth occurs as a result of “photosynthesis™ processes. As known in the
art, the photosynthesis processes convert carbon dioxide (CO») into organic materials
using energy from the light. Specifically, the light energy is absorbed through special
proteins containing chlorophyll pigments that exist in photosynthetic cell membranes

called chloroplasts. The photosynthetic cells are mainly in plant leaves.

However, chlorophyll only absorbs energy from particular parts or colors of the
light spectrum. The effective spectra are across the blue and red color spectra. The green
part of the light spectrum is reflected, which is why plant leaves are usually in green color.
When photosynthetic cells in leaves die and the chlorophyll is degraded, other pigmented
molecules in the leaves dominate light reflection while they are degraded to the point

where the leaves only exhibit brown colors.

Thus, it is known that different pigments in chloroplasts absorb specific
wavelengths of light to contribute to photosynthesis, and the photosynthetic efficiency or

rate has strong correlation with the spectrum of illumination (see References 1 and 2).

For example, rice plants grown under blue and red illumination have higher

photosynthesis efficiency than those grown under only red illumination (see Reference 3).
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Pea leaves grown under red LED light contain higher levels of -carotene than those grown

under blue or white LED light (see Reference 4).

Light intensity is another influential factor in photosynthesis (see References 2 and
5) due to the response of photosynthesis organisms to high-light intensity to reduce stress
effects. Under red LED light, wheat seedlings accumulate chlorophyll at 100 umol m2 s

1. but not at 500 pmol m? s! (see Reference 6).

It is observed that plants usually absorb the blue light spectra during their early
growth, and then increasingly absorb the red light spectra as they mature and during their
blooming phase. The geometry of illumination such as the distance between the light
sources and the plant, also affects the light energy that can be absorbed by the plant and
the associated photosynthesis efficiency thereof. Usually, the available energy decreases
at a rate proportional to the square of the distance between the light and the plant. In
addition, plants are capable of sensing duration of lighting period and time, and change

their growth rates accordingly.

Plant cultivation using constant illumination is neither energy efficient nor optimal
for photosynthesis. As prior-art LED grow lights usually provide light for the plants
without consideration for the aforementioned factors, they fail to provide appropriate color
spectra with appropriate intensities at appropriate times in order to optimize the
physiological processes of growing plants. Moreover, different plants require different
light characteristics (for example, intensity, spectrum, time, and the like) to achieve the
best growth performance. However, prior-art LED grow lights fail to adapt to the plant

needs and fail to provide appropriate light characteristics.
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FIG. 1 is a block diagram of a typical prior-art LED grow-light system 10. As
shown, the LED grow-light system 10 comprises a plurality of LED light sources 12
emitting light 14 towards plants 16 for facilitating their growth. The LED light sources 12

are usually located at fixed positions, for example such as mounted to the ceiling of a room.

FIG. 2 is a block diagram showing the components of the prior-art LED grow-light
system 10. As shown, the LED grow-light system 10 comprises an Alternate Current (AC)
to Direct Current (DC) converter (AC/DC converter) 22 for converting the AC power from
an AC power source 24 such as an AC grid, to a DC power, and using the DC power to

drive the LED arrays 12.

There are various challenges and difficulties related to the prior-art LED grow-
light systems. For example, plants require specific types of light spectra for specific
periods of time throughout their growth process. However, prior-art LED grow-light

systems do not provide light configurations that are best suitable for plant growth.

As another example, the power architecture of prior-art LED grow-light systems is
not optimal for highly efficient operations as they usually require large heat-sinks for

achieving an effective thermal performance and safe operations.

As yet another example, the LED arrays used in prior-art LED grow-light systems
are often unable to provide adequate light intensity of the light spectra required for optimal
plant growth performance. Therefore, the LED grow-light systems are usually energy

inefficient with significant energy wasted in the form of heat.

As still another example, in prior-art LED grow-light systems, LED light sources

are usually mounted at fixed positions. Therefore, the prior-art LED grow-light systems
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usually do not have the capability for optimizing the distances between the LED light

sources and the plants at different stages of their growth.

Due to the aforementioned challenges, prior-art LED grow-light systems cannot
provide optimal solutions for facilitating plant growth. Since plant growth is a relatively
lengthy process, un-optimized growth light systems significantly increase the operation

cost and overall inefficiency of the systems.

Systems for optimizing photosynthesis are also known. However, these systems do
not take into account all illumination parameters in photosynthesis optimization; see
References 2, 5, 10 to 12). Some of the photosynthesis optimization systems focus only on
the wavelength of the illumination (see Reference 11), and others focus only on the
amplitude of the illumination (see Reference 12). There is some prior art that considers

more than one aspect of illumination (see References 2, 5, and 10).

Photosynthetic efficiency strongly depends on all illumination parameters.
Moreover, the effects of illumination parameters on photosynthetic efficiency are
interrelated (that is, they are not independent from each other). However, none of the prior-

art photosynthesis optimization systems takes into account all aspects of illumination.

SUMMARY

According to one aspect, there is disclosed a light system using Light-Emitting
Diode (LED) and/or quantum-dot LED (QLED) light sources for facilitating and
optimizing the growth of a plant. The light system comprises at least: (i) one LED array
having one or more LEDs for emitting different types and ranges of intensities of light
spectra absorbable by a plant, (ii) a light detector for detecting light reflected from the

plant, and (iii) a LED light driver electrically coupled to the at least one LED array. The
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light detector receives: (i) electrical power from a power source and drives the at least one
LED array using the received electrical power, (ii) receives a signal from the light detector
that is indicative of the reflected light, and (iii) controls, based on the received signal, the
at least one LED array to adjust at least one of the intensity and the spectrum of the light

emitted from the at least one LED array.

In some embodiments, the light system further comprises at least one motor for
adjusting the distance and/or angle between each of the at least one LED array and the
plant. The LED light driver is electrically coupled to the at least one motor for adjusting
the distance and/or angle between each of the at least one LED array and the plant, based

on the received signal.

According to another aspect, there are disclosed apparatuses, methods, and systems

using artificial intelligence to optimize photosynthesis.

According to another aspect, there is disclosed an intelligent system that can learn
how to obtain a customized “illumination recipe” that can enable both energy and
photosynthesis-efficient plant cultivation. Such a customized “illumination recipe” may
include customization of the wavelength, level, geometry, and duration of illumination for

cultivation of a specific plant type.

Chlorophyll fluorescence measurement is an established technique to estimate
reliably the photosynthesis efficiency (see References 7 to 9). As is known, the optical
energy absorbed by chlorophyll is used by the plant for photosynthesis and meanwhile, a
portion thereof is turned into heat and re-emitted fluorescence at wavelengths different
from that of excitation wavelengths. The conservation of energy links these processes’

yields. Therefore, the chlorophyll fluorescence may be measured for indirectly estimating
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the photosynthesis efficiency and for generating a feedback signal to optimize the

photosynthesis efficiency.

In some embodiments, the apparatus, system and method disclosed herein employ
artificial intelligence to optimize illumination profiles for efficient photosynthesis in
cultivation of different plants. Chlorophyll fluorescence measurements are used to

estimate the photosynthesis efficiency which is the target to be optimized.

It is well known that photosynthesis efficiency or rate strongly depends on the
illumination condition. Generally, there are four parameters or variables involved in the
illumination including spectrum, level, geometry, and duration. Constituent
photosynthesis systems vary from plants to plants, and thus the illumination conditions for

plants” photosynthesis-efficient cultivation shall be adaptive thereto.

Accordingly in some embodiments, the apparatus, system and method disclosed
herein comprise a learning process for determining an “illumination recipe” that may lead

to the most efficient photosynthesis rate.

In some embodiments, the apparatus, system and methods disclosed herein
comprise an optimization algorithm for varying the illumination condition based on
photosynthesis measurements for optimization of the photosynthesis efficiency. In some
embodiments, chlorophyll fluorescence measurements may be used to reliably estimate

the photosynthesis efficiency and to generate inputs to the optimization algorithm.

In some embodiments, advanced optimization methods such as simulated
annealing or genetic algorithms are used to find global maximum of photosynthesis
efficiency as a function of parameters such as illumination spectrum, level, geometry,

duration, and the like. An array of efficient light sources such as LEDs or QLEDs are
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mounted on movable stages. The light sources emit light waves in a spectrum range
spanning from ultraviolet light to infrared light and are controlled according to the

optimization results for driving photosynthesis with a specific “illumination recipe”.

According to one aspect of this disclosure, there is provided a lighting system for
facilitating the growth of a plant. The system comprises an illumination source for emitting
a first light absorbable by the plant, said first light having a spectrum and a set of adjustable
illumination parameters; at least one light detector for detecting a second light from the
plant; and a control structure coupled to the illumination source and the at least one light
detector. The control structure is configured for receiving from the at least one light
detector, a signal indicative of the detected second light; determining a growth condition
of the plant based on the received signal; determining a set of values for the set of
adjustable illumination parameters based on the determined growth condition; and
controlling the illumination source to adjust the set of adjustable illumination parameters

using the set of determined values for facilitating the growth of the plant.

In some embodiments, the set of adjustable illumination parameters comprise at
least one of the spectrum of the first light, and an intensity distribution of the first light

over the spectrum.

In some embodiments, the spectrum is a spectrum spanning from an ultraviolet

(UV) wavelength through a visible wavelength range to an infrared (IR) wavelength.

In some embodiments, the spectrum comprises a combination of spectra from a
red-light wavelength range, a green-light wavelength range, and a blue-light wavelength

range.
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In some embodiments, the set of adjustable illumination parameters further
comprise at least one of a distance and an angle between the illumination source and the

plant.

In some embodiments, the lighting system further comprises at least one motor
engaging the illumination source; wherein said determining the set of values for the set of
adjustable illumination parameters based on the determined growth condition comprises
determining at least one of a distance value and an angle value between the illumination
source and the plant; and wherein said controlling the illumination source to adjust the set
of adjustable illumination parameters using the set of determined values comprises
controlling the at least one motor to adjust the at least one of the distance and the angle

using the at least one of the distance value and the angle value.

In some embodiments, the second light is a light reflected from the plant.

In some embodiments, the second light is a chlorophyll fluorescence emitted from
the plant; and wherein the growth condition is a photosynthesis efficiency of the plant

under the first light.

In some embodiments, said determining the set of values for the set of adjustable
illumination parameters based on the determined growth condition comprises determining
the set of values for the set of adjustable illumination parameters for maximizing the

photosynthesis efficiency by using a simulated annealing method or a genetic algorithm.

In some embodiments, said determining the growth condition of the plant based on
the received signal comprises determining chlorophyll fluorescence measurements based

on the received signal; and said determining the set of values for the set of adjustable
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illumination parameters for maximizing the photosynthesis efficiency by using a simulated

annealing method or a genetic algorithm comprises:

(1) defining a plurality of states of illumination wherein each state corresponds to
a set of values for the set of illumination parameters that determine the photosynthesis

efficiency of the plant;

(2) setting (i) a previous-state variable S;, to an initial state of illumination So, (ii)
a corresponding previous-state photosynthesis efficiency E, to zero, (iii) a global time-
varying parameter T to an initial value, and (iv) a current-state variable S to a random
state S, of the plurality of states of illumination that has continued for a period of time such

that photosynthesis is established;

(3) calculating a current-state photosynthesis efficiency Ec of the plant at the

current state S. using the determined chlorophyll fluorescence measurements;

(4) comparing the current-state photosynthesis efficiency E. with the previous-state

photosynthesis efficiency Ep;

if the current-state photosynthesis efficiency E. is less than or equal to the previous-
state photosynthesis efficiency Ep, (5) setting the previous state S, as the current state of
illumination S. and updating the current state S. to a neighboring state from S. by a random

change AS, and looping to step (3);

if the current-state photosynthesis efficiency Ec is greater than the previous-state
photosynthesis efficiency E,, (6) calculating an acceptance probability function exp(-(Ec-
E;)/T) and checking if the acceptance probability function exp(-(Ec- E;)/T) is smaller than

a predetermined threshold Emin;

10
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if the acceptance probability function exp(-(Ec- E;)/T) is larger than or equal to the

predetermined threshold Emin, (7) reducing the parameter T and looping to step (5); and

if the acceptance probability function exp(-(Ec.- Ep)/T) is smaller than the
predetermined threshold Emin, (8) determining the set of values for the set of adjustable

5 illumination parameters as the set of illumination parameters corresponding to the state Sc.

In some embodiments, the illumination source comprises a plurality sets of LEDs

for emitting the first light.

In some embodiments, the plurality sets of LEDs comprises one or more quantum-

dot LEDs.

10 In some embodiments, said controlling the illumination source to adjust the set of
adjustable illumination parameters using the set of determined values for facilitating the
growth of the plant comprises adjusting at least one of a distance and an angle of each sets

of LEDs to the plant.

In some embodiments, each set of LEDs comprises one or more subsets of LEDs,
15  each subset of LEDs configured for emitting a colored light, said colored light being a
portion of the first light having a subset of the spectrum of the first light; and one or more

switching components each controlling the on/off of one subset of LEDs.

In some embodiments, each switching component is configured for controlling the

corresponding subset of LEDs for emitting pulsed light as the portion of the first light.

20 In some embodiments, the first light is a pulse-width modulated light.

11
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In some embodiments, said determining the set of values for the set of adjustable
illumination parameters based on the determined growth condition comprises determining
the on/off settings of each switching component based on the determined growth condition;
and said controlling the illumination source to adjust the set of adjustable illumination
parameters using the set of determined values for facilitating the growth of the plant
comprises controlling the switching components based on the determined on/off settings
to adjust at least one of the spectrum of the first light and the intensity of the first light

over the spectrum thereof.

In some embodiments, the lighting system further comprises at least one lighting
and sensing device. Each lighting and sensing device comprises a housing; one of the at
least one light detector received in the housing; and a group of the LEDs distributed in an

annulus between the housing and the optical sensor.

In some embodiments, the at least one light detector comprises at least a lens, a

light filter, and a light-sensing component.

According to one aspect of this disclosure, there is provided a method for
facilitating the growth of a plant. The method comprises emitting a first light from an
illumination source towards the plant, said first light having a spectrum absorbable by the
plant and a set of adjustable illumination parameters; detecting a second light from the
plant; determining a growth condition of the plant based on the detected second light;
determining a set of values for the set of adjustable illumination parameters based on the
determined growth condition; and controlling the illumination source to adjust the set of
adjustable illumination parameters using the set of determined values for facilitating the

growth of the plant.

12
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BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments of the present disclosure will now be described with reference
to the following figures, in which identical reference numerals in different figures indicate

1dentical elements and in which:

FIG. 1 is a schematic diagram of a prior-art LED grow-light system;

FIG. 2 is a block diagram showing the components of the prior-art LED grow-light

system shown in FIG. 1;

FIG. 3 is a schematic diagram of a LED grow-light system, according to some

embodiments of this disclosure;

FIG. 4 shows the absorption spectra of three photosynthesis pigments;

FIG. 5 is a schematic diagram showing the detail of the LED grow-light system

shown in FIG. 3;

FIG. 6 is a schematic diagram showing the detail of a control sub-system of the

LED grow-light system shown in FIG. 3;

FIG. 7 is a schematic diagram of the LED grow-light system shown in FIG. 3,
illustrating the mechanism for adjusting the distances and/or angles between the LED

arrays of the LED grow-light system and the plants;

FIG. 8 illustrates how the light detector of the LED grow-light system shown in

FIG. 3 receives the reflected light from the plant;

13
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FIG. 9 shows a cross-section of a typical leaf of a plant, and how the LED grow-

light system shown in FIG. 3 identifies the plant condition based on the reflected light;

FIG. 10 is a schematic diagram of a LED grow-light system with illumination

optimization, according to some embodiments of this disclosure;

FIG. 11 is a schematic perspective view of a lighting and sensing device of the

LED grow-light system shown in FIG. 10;

FIG. 12 is a schematic front view of the lighting and sensing device shown in FIG.

11;

FIG. 13 is a schematic diagram illustrating the structure of the optical apparatus

shown in FIG. 11; and

FIG. 14 is a flowchart of an illumination optimization process of the LED grow-

light system shown in FIG. 10.

DETAILED DESCRIPTION

Herein, embodiments of a light system are disclosed. In some embodiments, the
light system is a system using Light-Emitting Diode (LED) and/or quantum-dot LED
(QLED) light sources. In some embodiments, the light system is a LED and/or QLED
grow-light system emitting modulated light spectra from LED/QLED sources for

facilitating the growth of plants.

In some embodiments, the light system disclosed herein comprises one or more
LEDs and/or QLEDs that are powered and controlled by a LED driver. The light system

also comprises a real-time monitoring sub-system for measuring and quantifying the

14
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growth of plants. Based on the real-time plant-growth measurement and quantification
obtained from the real-time monitoring sub-system, the LED driver precisely controls the
light spectra and intensities for facilitating plant growth. Thus, the light system disclosed
herein is a closed-loop feedback system capable of optimizing the light output based on
real-time plant-growth measurements. Moreover, in some embodiments, the distances
between the LED light sources and the plants can be automatically adjusted based on the
real-time plant-growth measurements and quantification obtained from the real-time

monitoring sub-system.

Therefore, in some embodiments, the light system disclosed herein provides a

nearly optimal solution for facilitating plant growth using LED lights.

Turning now to FIG. 3, a LED grow-light system in some embodiments of this
disclosure is shown and is generally identified using the reference numeral 100. The LED
grow-light system 100 comprises a power source 102, an intelligent LED grow-light
driver 104, a real-time monitoring sub-system 106 in the form of one or more light
detectors, and three LED arrays 108R, 108G and 108B for emitting red, green, and blue
light spectra 114R, 114G, and 114B towards plants 116, respectively. Each of the red,
green, and blue light forms a portion of the light emitted towards the plant 116, and has a
subset of the spectrum thereof. Hereinafter, the reference numerals related to light spectra
may be used with a suffix “R”, “G” or “B” for referring to red, green, or blue spectra, or
may be used without any suffix for collectively referring to the referred component. For
example, the LED arrays may be referred individually using reference numerals 108R,
108G and 108B, and may be collectively referred using reference numeral 108 for ease of

description.

15
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In these embodiments, the power source 102 is an Alternate Current (AC) power
source such as an AC grid. The LED grow-light driver 104 receives AC power from the
power source 102, and converts the received AC power to a DC power for individually
driving the LED arrays 108R, 108G and 108B via respective power buses 122. The LED
grow-light driver 104 also controls the light characteristics of the LED arrays 108R, 108G,

and 108B via a set of signal lines 124.

Each LED array 108 comprises one or more columns with each column comprising
one or more color LEDs 110 and a switch 112, such as a semiconductor switch, connected

in series. The LEDs 110 in each LED array 108 emit light of a particular spectrum.

As is known in the art, there exist a plurality of key pigments in photosynthesis
such as chlorophyll a, chlorophyll b, and B-carotene that absorb light of different spectra.
FIG. 4 shows the absorption spectra of the three photosynthesis pigments. As can be seen,
chlorophyll a and chlorophyll b mainly absorb blue and red spectra, and -carotene mainly

absorbs blue and green spectra.

Referring back to FIG. 3, each LED array 108 emits a colored light with a spectrum
about one or more light absorption peaks of the photosynthesis pigments. For example, in
some embodiments, the LEDs 110R of the LED array 108R emit red light with spectra
within the range between about 400 nanometers (nm) and about 470 nm, the LEDs 110G
of the LED array 108G emit green light with spectra within the range between about 470
nm and about 520 nm, and the LEDs 110B of the LED array 108B emit blue light with
spectra within the range between about 620 nm and about 680 nm. In some embodiments,

the green-light LED array 108G comprises fewer LEDs 110G than each of the red-light

16
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and the blue-light LED arrays 108R and 108B since the main light spectrum required by

plants is usually around red and blue spectra.

The LED grow-light driver 104 powers each LED array 108 through a separate
power bus 122. In each LED array 108, the switch 112 in each column thereof may be
controlled by the LED grow-light driver 104 to turn on or off for adjusting the light
intensity thereof. The light detector 106 monitors the light 114F reflected from the plants
116. As known in the art, the spectra of the reflected light 114F provides information
related to the growth of the plants 116 and the health condition thereof. Therefore, by
monitoring the reflected light 114F, the light detector 106 can provide feedback signal to
the LED grow-light driver 104 to measure the growth of plants 116 and to control the LED

arrays 108 accordingly.

FIG. 5 is a schematic diagram showing the function structure of the LED grow-
light system 100. As shown, the LED grow-light driver 104 comprises a power circuitry

132, a control structure or control sub-system 134, and a light detector 106.

The power circuitry 132 of the LED grow-light driver 104 supplies power to the
LED arrays 108. In particular, the power circuitry 132 receives power from the AC grid
102, and converts the received AC power to DC power at one or more DC voltages suitable

for driving the LEDs 110 of the LED arrays 108.

The control sub-system 134 of the LED grow-light driver 104 performs multiple
tasks. Specifically, the control sub-system 134 controls the power circuitry 132 such that
the appropriate power conversion is performed and the LEDs 110 are supplied with

suitable voltages/currents.

17
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The control sub-system 134 also dynamically adjusts the light spectra and
intensities based on the structure of the LED arrays 108 to facilitate the plant growth.
Specifically, the control sub-system 134 receives from the light detector 106 a signal
indicative of the information of the reflected light spectra and, based on the information
received and the structure of the LED arrays 108, controls the on/off of the semiconductor
switches 112 in each column of the LED arrays 108 to dynamically adjust the light spectra

and their intensities.

In these embodiments, the LED grow-light system 100 also comprises one or more
motors 136 controlled by a motor driver 138 under the instruction of the control sub-
system 134 for dynamically adjusting the distance and/or angle between each LED array
108 and the plants 116 (denoted “LED-plant distances/angles™ hereinafter) based on the

information received from the light detector 106 and the structure of the LED arrays 108.

FIG. 6 shows the detail of the control sub-system 134. As shown, the control sub-
system 134 comprises a plant identification sub-system 142, a reference generator 144, a
power converter controller 146, and a motor drive controller 148. The plant identification
sub-system 142 receives a feedback signal from the light detector 106, and obtains
therefrom various information related to the growth process of the plants 116. Specifically,
the plant identification sub-system 142 receives the feedback signal from the light detector
106 carrying the information of the reflected light spectra, and processes the received
feedback signal to obtain information related to the growth of the plants 116. Thus, the
plant identification sub-system 142 quantifies the plant growth based on the information
of the reflected light spectra, and produces appropriate signals for the reference generator
144. The reference generator 144 receives the signals from the plant identification sub-

system 142 and generates appropriate reference signals regarding the light intensity, light

18
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wavelength, the optimal LED-plant distances/angles, and the like for controlling the power

converter controller 146 and the motor driver controller 148.

The reference signals regarding the light intensities and the light wavelengths are
received by the power converter controller 146, which then controls the power circuitry
132 and the switch 112 in each column of the LED arrays 108 such that proper light
intensities and precise light spectra are applied to the plants 116. The motor driver
controller 148 receives the calculated LED-plant distances/angles and adjusts the LED
arrays 108 accordingly. Thus, the control sub-system 134 ensures that the emitted LED
light is of optimal light intensity, light spectrum, and LED-plant distances/angles for

optimizing the growth process of the plants 116.

FIG. 7 is a schematic diagram showing the mechanism for adjusting the distance
between the LED arrays 108 and the plants 116. As shown, each LED array 108 is
associated with a motor 136. The LED grow-light driver (not shown) ultimately controls
each motor 136 to move the respective LED array 108 forward/backward, and/or to adjust
the angle of the respective LED array 108 with respect to the plants 116. The desired
distance and/or angle is determined based on the required light intensity, and the condition
of the plant 116 determined by the plant identification sub-system 142 (see FIG. 6). The
light intensity is generally proportional to the inverse of the square value of the distance.
Thus, the distance has a significant impact on the growth of the plant 116. The LED grow-
light system 100 is able to adjust the distance and/or angle to an optimal value, which not
only accelerates the growth of plant 116 but also significantly decreases the operation cost
by decreasing the amount of electricity needed during the growth process. Moreover, as

different light intensities may be required for different plants, the capability to adjust and

19



WO 2018/201250 PCT/CA2018/050522

10

15

20

optimize distances/angles allows the LED grow-light system 100 to be used in various

plant growing applications for facilitating the growth of various types of plants.

FIG. 8 illustrate how the light detector 106 receives the reflected light spectra 114F
from the plant 116. In order to determine the plant growth condition, light spectra 114R,
114G, and 114B of various light spectra are emitted towards the plant 116 from LEDs
110R, 110G, and 110B. The light detector 106 detects the reflected light 114F. Based on
the light spectra of the reflected light 114F, the plant identification sub-system 142
analyzes and determines the condition of the plant 116 such as the plant’s growth, health,

and the like.

FIG. 9 shows a cross-section of a typical leaf of a plant, and how the LED grow-
light system 100 determines plant conditions based on the reflected light 114F. As shown,
the mesophyll layer 152 is rich in chlorophyll, and chlorophyll is a good indication of the
plant condition. Chlorophyll mostly absorbs the blue and red parts of the spectrum and
reflects the green part. When the amount of chlorophyll is high, most of the red/blue parts
are absorbed and most of the green spectrum is reflected. On the other hand, when
chlorophyll dies or its quantity reduced, the mesophyll layer 152 reflects other parts of the
spectrum as well. Thus, the plant condition can be quantified from the reflected light

spectra detected by the light detector 106 of the LED grow-light driver 104.

In above embodiments, the LED grow-light system 100 comprises three LED
arrays 108. In some alternative embodiments, the LED grow-light system 100 may only
comprise one or two LED arrays 108. In some alternative embodiments, the LED grow-

light system 100 may comprise more than LED arrays 108.
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FIG. 10 is a schematic diagram of a LED grow-light system 160 with illumination

optimization, according to some embodiments of this disclosure.

As is known, photosynthesis efficiency strongly depends on the illumination
condition. A similar illumination condition does not necessarily result in photosynthesis-
efficient cultivation for all types of plants due to the different constituent photosynthesis
organisms of the plants. lllumination condition includes a variety of parameters such as
the light spectrum, intensity, geometry, duration, and the like. Therefore, the LED grow-
light system 160 employs a learning process for determining an “illumination recipe” such
as a set of illumination parameters that may lead to the most efficient photosynthesis rate.
The LED grow-light system 160 uses an optimization algorithm for varying the
illumination condition based on photosynthesis measurements for optimization of
photosynthesis efficiency. In some embodiments, chlorophyll fluorescence measurements
may be used to reliably estimate the photosynthesis efficiency and to generate inputs to

the optimization algorithm.

As shown in FIG. 10, the LED grow-light system 160 comprises an artificial
intelligent (Al) processor 162, an illumination driver 164, an illumination source 166, a

fluorescence processor 168, and a detection device or sub-system 170.

The Al processor 162 in these embodiments is a computing device such as a
general-purpose computer or a specialized computing device for receiving chlorophyll
fluorescence measurements from the fluorescence processor 168, estimating the
photosynthesis efficiency using the chlorophyll fluorescence measurements, determining

a set of optimized illumination parameters for maximizing the photosynthesis efficiency,
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and controlling the illumination source 166 via the illumination driver 164 for adjusting

the illumination light according to the determined illumination parameters.

The illumination source 166 in these embodiments comprises one or more LEDs
and/or QLEDs, and is driven and controlled by the illumination driver 164 to emit light
172 to one or more plants 116 for facilitating their growth. A set of illumination parameters
of the illumination source 166 are adjustable. For example, the light emitted from the
illumination source 166 has an adjustable spectrum spanning from ultraviolet (UV) light
through visible light to infrared (IR) light. The intensity distribution of the light emitted
from the illumination source 166 over the spectrum thereof is also adjustable by for
example, using pulsed light such as pulse-width-modulated light with adjustable pulse

width.

The detection device 170 in these embodiments is an optical sensor for detecting
fluorescence or light 174 emitted from the chlorophyll molecules of the plants 116 when
the chlorophyll molecules are changed from an excited state to a non-excited state. The
data of detected fluorescence is sent from the detection device 170 to the fluorescence

processor 168.

The fluorescence processor 168 in these embodiments may be a specialized
computing device such as an embedded computing device for processing the data of
detected fluorescence to obtain chlorophyll fluorescence measurements which is sent to
the Al processor 162 for optimizing the illumination parameters of the illumination source

166.

In some embodiments, the illumination driver 164, the illumination source 166,

and the detection device 170 may be assembled into a lighting and sensing device. FIG.
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11 is a schematic perspective view of a lighting and sensing device 200. FIG. 12 is a

schematic front view of the lighting and sensing device 200.

As shown in FIGs. 11 and 12, the lighting and sensing device 200 comprises a
cylindrical housing 202 receiving therein a concentric optical sensor 204 and a plurality of
LEDs 206 distributed in the annulus between the housing 202 and the optical sensor 204.
In these embodiments, the LEDs 206 comprise one or more LEDs emitting ultraviolet (UV)
spectra (denoted as UV LEDs), one or more LEDs emitting red, green, and/or blue spectra
(denoted as R, G and/or B LEDs), and one or more LEDs emitting IR spectra (denoted as
IR LEDs) for forming an adjustable spectrum spanning from UV spectra through visible

spectra to IR spectra.

The LEDs 206 are connected to the illumination driver 164 via a drive cable 208 to
receive a drive signal therefrom for powering and emitting light 210 towards one or more
plants 116. The fluorescence 212 emitted from the plants 116 is detected by the optical
sensor 204 and is converted to a detection signal for transmitting to the fluorescence

processor 168 via a signal-output cable 214.

As shown in FIG. 13, the optical sensor 204 comprises one or more lenses 222 for
receiving light 224, an optical filter 226 for filtering the received light 224, and a photo-
detector or light sensor component 228 such as a complementary metal-oxide-
semiconductor (CMOS) or charge-coupled device (CCD) light sensor component for
converting the filtered light into an electrical signal for transmission via the signal-output

cable 214.

Referring again to FIG. 10, the Al processor 162 controls the illumination source

166 to emit pulsed light 172 with adjustable intensity and spectrum for facilitating
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photosynthesis and the growth of the plants 116. By setting the LEDs 166 of different
wavelengths on and off and by adjusting the pulse width of the light emitted from the
turned-on LEDs 166 based on the output of the fluorescence processor 168 (described
later), the Al processor 162 can optimize the illumination parameters such as the intensity
and spectrum of the emitted light 172 for maximizing the photosynthesis efficiency of the

plants 116.

As described above, the plants 116 absorbs the light 172 and uses it for
photochemical processes. A portion of the absorbed light 172 is converted by the plant 116

into heat and fluorescence emission.

The detection device 170 detects the fluorescence emitted from the plants 116. The
fluorescence processor 168 uses the fluorescence data obtained by the detection device
170 to determine chlorophyll fluorescence measurements, and sends the chlorophyll
fluorescence measurements to the Al processor 162. The Al processor 162 then estimates
the photosynthesis efficiency. The detail of estimating the photosynthesis efficiency is
disclosed in References 7 to 9, the content of each of which is incorporated herein by
reference in its entirety. After estimating the photosynthesis efficiency, the Al processor
162 determines a set of optimized values for the set of adjustable illumination parameters
for maximizing the photosynthesis efficiency, and adjusts the illumination parameters of
the illumination source 166 such as the intensity and spectrum of the emitted light 172

using the set of optimized values.

In some embodiments, the Al processor 162 uses a simulated annealing method for
optimizing the set of illumination parameters to maximize the photosynthesis efficiency

of the plants 116. In this process, a plurality of states of illumination Sy are defined for the
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photosynthesis of the plants 116. Each state of illumination Sk corresponds to a set of

illumination parameters which determine a photosynthesis efficiency of the plants 116.

The process starts with a random state of illumination S; that has continued for a
sufficient period of time such that photosynthesis becomes fully established. Then, the
photosynthesis efficiency Eq+1 is calculated using chlorophyll fluorescence measurements
obtained from the fluorescence processor 206. The process is repeated with new
illumination state varied from the previous state by a random change AS, and the
photosynthesis efficiency corresponding to the new state is calculated and compared to

that of previous states until a maximum photosynthesis efficiency is reached.

Such a maximum photosynthesis efficiency may be a local maximum. Therefore,
the process is designed to explore the optimization space again to avoid being trapped at a
local maximum. The transition from the current state to a new state is made according to
an acceptance probability function exp(-AE,/T) that depends on the difference of the
photosynthesis efficiency of the states and a global time-varying parameter T, wherein

exp() represents the exponential function and AE, = E, — En-1.

As the process progresses, the parameter T reduces from a large initial value to
zero at the final stage of the optimization. In particular, T is set to large values at the initial
iterations of the process such that the process can explore a variety of regions in the search
space. At the final iterations, T tends to zero (0) and the acceptance probability function
tends to one (1), thereby turning the process to the “greedy algorithm™ which makes only
uphill transitions. With a suitable choice of parameters, the process may find the global

maximum.
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FIG. 14 is a flowchart showing the steps of an example of the above-described
optimization process 300 based on the simulated annealing method. As shown, the
process 300 starts with an initialization step 302 at which the Al processor 162 sets a
previous-state variable S, to an initial state So and the corresponding previous-state
photosynthesis efficiency E, to zero. The Al processor 162 also sets a global time-varying
parameter T (also called “temperature”™) to an initial value, and sets a current-state variable
Sc to a random state of illumination S; that has continued for a sufficient period of time
such that photosynthesis becomes fully established. The process 300 then starts the

optimization process from the random state S.

At step 304, the Al processor 162 calculates a current-state photosynthesis
efficiency Ec of the plants 116 at the current state S. using the chlorophyll fluorescence
measurements obtained from the fluorescence processor 168. Then, the Al processor 162
compares the current-state photosynthesis efficiency Ec. with the previous-state

photosynthesis efficiency E,; (step 308).

If the current-state photosynthesis efficiency E. is not greater than the previous-
state photosynthesis efficiency E, (the “NO” branch of step 308), the Al processor 162
sets the previous state S, as the current state of illumination S¢ (step 310) and updates the
current state Sc to a neighboring state from S. by a random change AS (step 312). The
process 300 then loops back to step 304 to calculate the current-state photosynthesis

efficiency E. of the plants 116.

If at step 308, it is determined that the current-state photosynthesis efficiency Ec is
greater than the previous-state photosynthesis efficiency E;, (the “YES” branch of step 308),

then the Al processor 162 further calculates an acceptance probability function exp(-(Ec-
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E,)/T) and checks if the acceptance probability function exp(-(Ec- Ep)/T) is smaller than a

predetermined threshold Emin (step 314).

If the acceptance probability function exp(-(Ec- Ep)/T) is larger than or equal to the
predetermined threshold Emin (the “NO” branch of step 314), the Al processor 162 reduces
the temperature T (step 316), and the process 300 loops back to step 310 to update the

previous state S, and the current state Sc.

If at step 314, it is determined that the acceptance probability function exp(-(E.-
Ep)/T) is smaller than the predetermined threshold Ewin (the “YES” branch of step 314), the
current state S is considered the optimal state S, and the set of illumination parameters
corresponding to the optimal state S, are used for adjusting the settings of the illumination

source 166 (step 322).

Those skilled in the art will appreciate that in some alternative embodiments, other
suitable optimization methods such as genetic algorithms may be used for optimizing

illumination parameters to maximize the photosynthesis efficiency of the plants 116.

Although embodiments have been described above with reference to the
accompanying drawings, those of skill in the art will appreciate that variations and
modifications may be made without departing from the scope thereof as defined by the

appended claims.
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CLAIMS:
1. A lighting system for facilitating the growth of a plant, the system comprising:

an illumination source for emitting a first light absorbable by the plant, said first
light having a spectrum and a set of adjustable illumination parameters;

at least one light detector for detecting a second light from the plant, said the second
light comprising a chlorophyll fluorescence emitted from the plant; and

a control structure coupled to the illumination source and the at least one light
detector, the control structure being configured for:

receiving from the at least one light detector, a signal indicative of the detected
second light;

determining a growth condition of the plant based on the received signal;

determining a set of values for the set of adjustable illumination parameters based
on the determined growth condition; and

controlling the illumination source to adjust the set of adjustable illumination
parameters using the set of determined values for facilitating the growth of the plant;

wherein the growth condition is a photosynthesis efficiency of the plant under the
first light; and

wherein said determining the set of values for the set of adjustable illumination
parameters based on the determined growth condition comprises:

determining the set of values for the set of adjustable illumination parameters for
maximizing the photosynthesis efficiency by using a simulated annealing method or a

genetic algorithm.
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2. The lighting system of claim 1, wherein the set of adjustable illumination

parameters comprise at least one of the spectrum of the first light, and an intensity

distribution of the first light over the spectrum.

3. The lighting system of claim 2, wherein the spectrum is a spectrum spanning from
an ultraviolet (UV) wavelength through a visible wavelength range to an infrared (IR)

wavelength.

4. The lighting system of claim 2, wherein the spectrum comprises a combination of
a red-light wavelength range, a green-light wavelength range, and a blue-light wavelength

range.

5. The lighting system of any one of claims 2 to 4, wherein the set of adjustable
illumination parameters further comprise at least one of a distance and an angle between

the illumination source and the plant.

6. The lighting system of claim 5 further comprising:

at least one motor engaging the illumination source;

wherein said determining the set of values for the set of adjustable illumination
parameters based on the determined growth condition comprises determining at least one
of a distance value and an angle value between the illumination source and the plant; and

wherein said controlling the illumination source to adjust the set of adjustable
illumination parameters using the set of determined values comprises controlling the at
least one motor to adjust the at least one of the distance and the angle using the at least one

of the distance value and the angle value.
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7. The lighting system of claim | wherein said determining the growth condition of
the plant based on the received signal comprises determining chlorophyll fluorescence
measurements based on the received signal; and

wherein said determining the set of values for the set of adjustable illumination
parameters for maximizing the photosynthesis efficiency by using a simulated annealing
method or a genetic algorithm comprises:

(1) defining a plurality of states of illumination each corresponding to a set of
values for the set of illumination parameters that determine the photosynthesis efficiency
of the plant;

(2) setting (i) a previous-state variable S, to an initial state of illumination So, (ii)
a corresponding previous-state photosynthesis efficiency E; to zero, (iii) a global time-
varying parameter T to an initial value, and (iv) a current-state variable S¢ to a random
state S, of the plurality of states of illumination that has continued for a period of time such
that photosynthesis is established;

(3) calculating a current-state photosynthesis efficiency Ec of the plant at the
current state S¢ using the determined chlorophyll fluorescence measurements;

(4) comparing the current-state photosynthesis efficiency Ec with the previous-state
photosynthesis efficiency Ep;

if the current-state photosynthesis efficiency E. is less than or equal to the previous-
state photosynthesis efficiency Ep, (5) setting the previous state Sp as the current state of
illumination S; and updating the current state S. to a neighboring state from Sc by a random
change AS, and looping to step (3);

if the current-state photosynthesis efficiency Ec is greater than the previous-state

photosynthesis efficiency E,, (6) calculating an acceptance probability function exp(-(Ec-
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Ep)/T) and checking if the acceptance probability function exp(-(Ec- Ep)/T) is smaller than
a predetermined threshold Emin;
if the acceptance probability function exp(-(Ec- E;)/T) is larger than or equal to the
predetermined threshold Emin, (7) reducing the parameter T and looping to step (5); and
if the acceptance probability function exp(-(Ec- Ep)/T) is smaller than the
predetermined threshold Emin, (8) determining the set of values for the set of adjustable

illumination parameters as the set of illumination parameters corresponding to the state Sc.

8. The lighting system of any one of claims 1 to 7, wherein the illumination source

comprises a plurality sets of LEDs for emitting the first light.

9. The lighting system of claim 8, wherein the plurality sets of LEDs comprises one

or more quantum-dot LEDs.

10.  The lighting system of claim 8 or 9, wherein said controlling the illumination
source to adjust the set of adjustable illumination parameters using the set of determined
values for facilitating the growth of the plant comprises:

adjusting at least one of a distance and an angle of each sets of LEDs to the plant.

11.  The lighting system of any one of claims 8 to 10, wherein each set of LEDs
comprises:

one or more subsets of LEDs, each subset of LEDs configured for emitting a
colored light, said colored light being a portion of the first light having a subset of the
spectrum of the first light; and

one or more switching components each controlling one subset of LEDs.
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12. The lighting system of claim 11, wherein each of the one or more switching
components is configured for controlling the corresponding subset of LEDs for emitting

pulsed light as the portion of the first light.

13.  The lighting system of claim 12, wherein the first light is a pulse-width modulated

light.

14.  The lighting system of claim 12 or 13, wherein said determining the set of values
for the set of adjustable illumination parameters based on the determined growth condition
comprises determining settings of each of the one or more switching components based on
the determined growth condition; and

wherein said controlling the illumination source to adjust the set of adjustable
illumination parameters using the set of determined values for facilitating the growth of
the plant comprises controlling the switching components based on the determined settings
to adjust at least one of the spectrum of the first light and an intensity of the first light over

the spectrum thereof.

15. The lighting system of any one of claims 8 to 14 further comprising at least one
lighting and sensing device, each lighting and sensing device comprising:

a housing;

one of the at least one light detector received in the housing; and

a group of the LEDs distributed in an annulus between the housing and said one of

the at least one light detector.
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16.  The lighting system of any one of claims 1 to 15, wherein the at least one light

detector comprises at least a lens, a light filter, and a light-sensing component.

17. A method for facilitating the growth of a plant, the method comprising:

emitting a first light from an illumination source towards the plant, said first light
having a spectrum absorbable by the plant and a set of adjustable illumination parameters;

detecting a second light from the plant, the second light being a chlorophyll
fluorescence emitted from the plant;

determining a growth condition of the plant based on the detected second light;

determining a set of values for the set of adjustable illumination parameters based
on the determined growth condition; and

controlling the illumination source to adjust the set of adjustable illumination
parameters using the set of determined values for facilitating the growth of the plant;

wherein the growth condition is a photosynthesis efficiency of the plant under the
first light; and

wherein said determining the set of values for the set of adjustable illumination
parameters based on the determined growth condition comprises:

determining the set of values for the set of adjustable illumination parameters for
maximizing the photosynthesis efficiency by using a simulated annealing method or a

genetic algorithm.

18.  The method of claim 17, wherein the set of adjustable illumination parameters
comprise at least one of the spectrum of the first light, and an intensity distribution of the

first light over the spectrum.
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19. The method of claim 18, wherein the spectrum is a spectrum spanning from an
ultraviolet (UV) wavelength through a visible wavelength range to an infrared (IR)

wavelength.

20.  The method of claim 18, wherein the spectrum comprises a combination of a red-

light wavelength range, a green-light wavelength range, and a blue-light wavelength range.

21.  The method of any one of claims 18 to 20, wherein the set of adjustable
illumination parameters further comprise at least one of a distance and an angle between

the illumination source and the plant.

22.  The method of claim 21, wherein said determining the set of values for the set of
adjustable illumination parameters based on the determined growth condition comprises
determining at least one of a distance value and an angle value between the illumination
source and the plant; and

wherein said controlling the illumination source to adjust the set of adjustable
illumination parameters using the set of determined values comprises adjusting the at least
one of the distance and the angle using the at least one of the distance value and the angle

value.

23. The method of claim 17 wherein said determining the growth condition of the plant

based on the received signal comprises determining chlorophyll fluorescence

measurements based on the received signal; and
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wherein said determining the set of values for the set of adjustable illumination
parameters for maximizing the photosynthesis efficiency by using a simulated annealing
method or a genetic algorithm comprises:

(1) defining a plurality of states of illumination each corresponding to a set of
values for the set of illumination parameters that determine the photosynthesis efficiency
of the plant;

(2) setting (i) a previous-state variable S, to an initial state of illumination Sy, (ii)
a corresponding previous-state photosynthesis efficiency E, to zero, (iii) a global time-
varying parameter T to an initial value, and (iv) a current-state variable S. to a random
state S; of the plurality of states of illumination that has continued for a period of time such
that photosynthesis is established;

(3) calculating a current-state photosynthesis efficiency Ec of the plant at the
current state S¢ using the determined chlorophyll fluorescence measurements;

(4) comparing the current-state photosynthesis efficiency E. with the previous-state
photosynthesis efficiency E,;

if the current-state photosynthesis efficiency E. is less than or equal to the previous-
state photosynthesis efficiency E,, (5) setting the previous state S, as the current state of
illumination S and updating the current state S. to a neighboring state from S, by a random
change AS, and looping to step (3);

if the current-state photosynthesis efficiency Ec is greater than the previous-state
photosynthesis efficiency E,, (6) calculating an acceptance probability function exp(-(Ec-
Ep)/T) and checking if the acceptance probability function exp(-(Ec- E,)/T) is smaller than
a predetermined threshold Enmin;

if the acceptance probability function exp(-(Ec- E,)/T) is larger than or equal to the

predetermined threshold Emin, (7) reducing the parameter T and looping to step (5); and
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if the acceptance probability function exp(-(Ec- Ep)/T) is smaller than the
predetermined threshold Emin, (8) determining the set of values for the set of adjustable

illumination parameters as the set of illumination parameters corresponding to the state Sc.

24.  The method of any one of claims 17 to 23, wherein the illumination source
comprises a plurality sets of LEDs for emitting the first light, each set of LEDs comprises
one or more subsets of LEDs, each subset of LEDs configured for emitting a colored light,
said colored light being a portion of the first light having a subset of the spectrum of the
first light; and

wherein said controlling the illumination source to adjust the set of adjustable
illumination parameters using the set of determined values for facilitating the growth of
the plant comprises:

controlling settings of each subset of LEDs to adjust at least one of the spectrum

of the first light and an intensity of the first light over the spectrum thereof.

25.  The method of claim 24, wherein said controlling the illumination source to adjust
the set of adjustable illumination parameters using the set of determined values for
facilitating the growth of the plant comprises:

adjusting at least one of a distance and an angle of each sets of LEDs to the plant.
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