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Abstract

For widely used LED sources there is a sharp decrease in the illumination of the working plane from
the center to the edge. The purpose of this study was to analyze the effectiveness of Fresnel lenses usage
as a fairly simple and technological element to increase the uniformity of illumination created by LED lamps
of local lighting.

A method has been developed for calculating of the distribution of illumination created by the combina-
tion of “LED matrix — Fresnel lens” when the distance between the lens and the matrix is less than the focal
length of the lens. Comparison of the calculation results and experiments for the case when the lens is located
at a distance of 50 cm from the working plane indicates the correctness of the developed calculation method.
This made it possible to use this technique to solve the problem of improved uniformity of illumination
distribution in the working plane of local lighting LED sources.

It was found that the change in the distance between the matrix and the lens in the range of 0.5-1.5 cm
affects the maximum illumination and its uniformity to a lesser extent than the change in focal lengths
in the range of 10-100 cm. Analytical dependences of the uniformity of the working surface illumination as
a function of the Fresnel lens focal length and its distance to the LED matrix were obtained for three cases.
In the first case one lens is used for the entire matrix while the axes of symmetry of the light intensity curves
of LEDs are parallel to the axis of the lens. In the second case one lens is also used for the entire matrix,
but the continuations of the axes of symmetry of the light intensity curves pass through the front focus
of the lens. In the third one an individual Fresnel lens is used for each LED. It is established that for all three
cases dependencies have almost the same character. Therefore, the choice of using one of these three options
may be due to manufacturability, cost-effectiveness, thermal stability, and other considerations.

Calculations using the above-mentioned analytical dependences made it possible to determine values
of the parameters of the “LED matrix — Fresnel lens” system at which the indicators of illumination and uni-
formity meet the standards’ requirements.
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Hcnoab30Banue JIUH3BI (I)peHeJm B CBETOANOJAHBIX
HCTOYHHUKAX JIOKAJIBbHOI'0 OCBCIIICHUA AJIA OIITUMHU3AINU

pacnpeaeJeHusi OCBEIEHHOCTH padoyel MJI0CKOCTH

I1.C. bornan, E.I'. 3aiiueBa, U.A. KoBauénok, T./I. Tapacenko, E.B. /ly6oiickuii

benopycckuii nayuonanvHulil mexHu4ueckutl ynugepcumen,
np-m Hezasucumocmu, 65, 2. Munck 220013, Benapyco

Iocmynuna 27.02.2023
IIpunama xk nevamu 25.05.2023

J1J1s1 LIMPOKO HCIOJIb3YEMBIX CBETOIMOJHBIX HCTOUYHUKOB CBETa UMEET MECTO PE3KHUIi CI1a i OCBEIIEHHOCTH
paloueil TIIIOCKOCTH OT LIEHTPa K Kparo. Llenpro HacTosIIero ueciiefoBaHus sIBISUICS aHan3 3()()EeKTUBHOCTH
npuMeHeHus: 1uH3 PpeHens Kak J0CTaTOYHO MPOCTOrO W TEXHOJOTMYHOIO 3JIEMEHTa AJSl yBEIHMUYCHHS
PaBHOMEPHOCTH OCBEIIEHHOCTH, CO3aBaEMON CBETOIUOJHBIMH CBETUIBHUKAMH JIOKAJIBHOTO OCBEIICHUSL.

PazpaGorana Mertogmka pacuéra paclupeneseHUsl OCBELIEHHOCTH, CO3/aBaeMoil KoMOMHanMen
«CBETOOMOAHAS MaTpula — JduH3a DpeHens», KOrna pacCTOSHUE MEXAY JIMH30M M MaTpULEH MEHbIIe
¢dokycHoro paccrosHusi JuH3bl. CpaBHEHHE PE3yJbTAaTOB pacdyéra M HKCIEPHUMEHTOB AJS CIydas, KOorzaa
JMH3a pacrojaraercss Ha paccTosHuM 50 cM oT pabodell MIIOCKOCTH, CBUAETEIBCTBYET O KOPPEKTHOCTH
pa3paboTaHHON METOIUKH pacyéTa. DTO MO3BOIMIIO HCIIOIB30BATh JAHHYIO METOIHUKY JAJIsl PELICHHUS 3a1a4n
MOBBIILICHHUS PABHOMEPHOCTH OCBEIIEHHOCTH paboueil INIOCKOCTH B CBETOANOIHBIX HCTOYHHUKAX JIOKAIBHOTO
OCBELICHUS.

YCTaHOBIEHO, YTO M3MEHEHUE PACCTOSIHUS MEXAYy MaTpuued W jguH30d B nmamasone 0,5-1,5 cm
BIMSAIOT HA MaKCHMAaJbHYIO OCBEIIEHHOCTb M €€ paBHOMEPHOCTh B MEHBIIEH CTENEHH, YeM HM3MEHEHHE
¢doxycHbIX pacctosauil B npeaenax 10—100 cm. [lomydensr aHaMTHYECKHE 3aBUCHMOCTH PaBHOMEPHOCTH
OCBELIEHHOCTH paloyell MOBEPXHOCTH Kak (YHKUUM (DOKYCHOrO paccTosiHusl JinH3bl Dpenens u eé
paccTosHUS 10 CBETOAMOAHONW MaTpHUbl U TPEX cilydaeB. B mepBom ciyuae mcmonb3yercs ogHa JHH3A
JUISL BCEH MaTPUIIbI, IPH 3TOM OCH CUMMETPHUHN KPUBBIX CHJIBI CBETA CBETOIMO0OB NapalIeIbHbI OCH JIMH3bI.
Bo BTOpOM cityuae Taxke HCIONIb3YeTCs OIHA JIMH3bI AJIs1 BCEH MAaTPHULIbI, HO IPOJOJKEHHS OCe CHMMETPHH
KPHUBBIX CHJIBI CBETa IPOXOIAT depe3 NMepeaHui (oKyc JHMH3bL. B TpeTbeM — AJsl KaKAOro CBETOAMOnA
WCTIONIb3YeTCsl MHAMBHUAYanbHas auH3a dpenens. YCTaHOBICHO, YTO Ul BCEX TPEX CIIydyaeB 3aBUCUMOCTH
MMEIOT MPaKTHYECKH OJMHAKOBBIN xapakTep. I1loaToMy BBIOOp MCHOIB30BAHUS OJHOTO U3 TPEX BAPHAHTOB
MOJKET ObITh 00YCJIOBJIEH TEXHOJIOTHYHOCTBIO, SKOHOMUYHOCTBIO M TEPMUYECKON yCTOWYMBOCTBIO U .

Pacuérhl ¢ MCIONB30BaHUEM BBILIE YHOMSHYTBHIX aHAIUTHUYECKUX 3aBHCHMOCTEH MO3BOJIMIIM ONpEae-
JIUThH 3HAYCHMS NapaMETPOB CHUCTEMBbl «CBETOAMOIHAS MaTpuLa — JuH3a DpeHens», Npu KOTOPIX MMOKa3a-
TEJIN OCBEIEHHOCTH ¥ PABHOMEPHOCTH COOTBETCTBYIOT TPEOOBAHUSAM CTaHAAPTOB.

KaroueBble cjioBa: MareMaTHUeCcKOe MOJCIHMPOBAHUE, CBETONMONHAS MaTpuia, JnuH3a Openens,
RGB cBeroanon, pacupeneneHue OCBEIEHHOCTH
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Introduction

Currently LED sources are widely used for in-
door lighting of premises. Their advantages include
high energy efficiency and durability. In addition,
ability to adjust the power parameters of LED arrays
and to introduce LEDs with different spectral charac-
teristics into their composition allows you to vary the
brightness and spectral composition of light. Space
inside the luminous intensity curve (the distribution
of luminous intensity obtained by the cross section
of the photometric body of the illuminating device by
a characteristic plane or surface and represented in
the form of a light beam graph') is limited by a small
solid angle [1, 2]. Therefore, there is a sharp decline
in the illumination of the working plane from the cen-
ter to the edge [3] which is not consistent with the
requirements of the standard” for lighting parameters.

To expand this spatial angle and consequently
the uniformity of illumination of the working surface
additional optics are used (an optical system in the
form of a lens and/or a reflector designed to create
the necessary light intensity curve) [4—10] and dif-
fusers [11, 12]. The latter have two versions: with
the use of diffusants [11] or with an additional mi-
croprismatic surface [12].

These technical solutions have a different level
of complexity and provide a different degree of uni-
formity of illumination of the working plane. The
purpose of this study was to analyze the effective-
ness of the use of Fresnel lenses in LED lamps of
local lighting as a fairly simple and technological
element to increase the uniformity of illumination of
the working plane within the limits regulated by the
standard”.

Mathematical modeling of the distribution
of illumination created by the combination
of “LED matrix — Fresnel lens”

The scheme for calculating the distribution of
illumination contains 2 elements: an LED matrix 1

"GOST 34819-2021. Lighting devices. Lighting
requirements and test methods. Access mode: http://
nt-led74.ru/media/uploads/2022/07/06/gost-34819-
2021.pdf?ysclid=1gdc0fqlh4478346242. — Access date:
25.04.2023 (in Russian)

2 GOST R 55710-2013. Lighting of workplaces inside
buildings. Norms and measurement methods. Access mode:
https://ecolight.ru/sadm_files/Documents/2940421
GOST_R 55710-2013.pdf. — Access date 26.01.2022 (in
Russian)

and a Fresnel lens 2 (Figure 1). Parallel to them are
the rear focal plane 3 of the lens and the working
plane 4. The planes of the LED matrix 1, lens 2 and
working plane 4 are parallel, and the distance be-
tween the LED matrix 1 and lens 2 is less than the
focal length of the lens.

Figure 1 — Scheme of the beam path from the LED
through the lens to the working plane: 1 — the plane of the
LED matrix; 2 — the plane of the Fresnel lens; 3 — the rear
focal plane of the Fresnel lens; 4 — the working plane

From the LED belonging to the matrix 1 and lo-
cated at point P with coordinates P, Py, the beam
hits the Fresnel lens 2 at point B with coordinates B, ,
B,. There its refraction occurs. Then, crossing the
rear focal plane 3 of the lens at point C with coordi-
nates C,, C,, the beam comes to the working plane
4 at point D with coordinates D, , D,.. To determine
the direction of the beam PB after refraction by lens
2 allows the trajectory of the additional beam pass-
ing through points F, 4, C, E. This ray is parallel to
the PB ray up to the intersection with the lens plane
2 and comes from the front focus of the lens F. After
refraction in the plane of the lens 2 at point 4 with
coordinates 4, and 4,, this ray becomes parallel to
the optical axis of the lens FF”, crossing the rear
focal plane 2 at point C with coordinates C,, C,, and
the working plane 3 at point £ with coordinates £, ,
E,. Since the rays PB and FA are parallel before re-
fraction by lens 2, after refraction they intersect at
one point C belonging to the rear focal plane.

In accordance with the Methodological Manual®
on the design of artificial lighting of public and resi-
dential buildings, the illumination £, at the point D

3 Design of artificial lighting of public and residential
buildings. Methodical manual // Ministry of Construction
and Housing and Communal Services of the Russian
Federation. Federal Center for Standardization,
Standardization and Conformity Assessment in
Construction. — M., 2016, 141 p. Access mode: https://
www.faufcc.ru/upload/methodical materials/mp15.pdf. —
Date of access: 28.01.2022 (in Russian)

98



Tpubopul u memoowt usmeperutl
2023.—T. 14, Ne 2. — C. 96-105
P.S. Bogdan et al.

Devices and Methods of Measurements
2023, vol. 14, no. 2, pp. 96—-105
P.S. Bogdan et al.

on the working plane 4 is proportional to two values.
Firstly, it is the light intensity / in the direction of the
angle  between the beam direction PB and the axis
of symmetry of the light intensity curve parallel to
the optical axis of the lens 2. Secondly, it is the co-
sine of the angle o between the beam CD incident on
the working plane 4 and the perpendicular CE to the
working plane 4. In addition, the illumination of £D
is inversely proportional to the square of the sums of
the distances /5 and [, between the radiation source
P and the illuminated point D, which are the sum of
the segments PB and BD:

_ I(B)cosa
(pp +1pp)’

Taking into account the geometric relations in
Figure 1, the formula for calculating the illumination
E; ; (x,y) created by an LED with the number 7 hori-
zontally and j vertically at point D with x, y coordi-
nates on the working plane 4 has the form:

I(B)cosa
(G +0)"

()

E[,j (x, )= 2
where B is the angle of inclination of the light beam
to the axis of symmetry of the light intensity curve
parallel to the axis FF"' of the Fresnel lens 2, and si-
multaneously to the axis of symmetry of the Fresnel
lens; I(P) is the dependence of the light intensity on
the angle B; a is the angle of inclination of the beam
after refraction by the Fresnel lens 2 perpendicular
to the illuminated plane 4; /, is the travel length of
the light beam from the LED with the number (i, ;)
on the matrix 1 to the Fresnel lens 2; /, is the travel
length of the refracted beam from the Fresnel lens 2
to the working plane 4.

Since the orientation of the segments PB and BD
of the light beam is considered in the three-dimen-
sional space xyz, when calculating the illumination,
the values of the quantities in the right part of for-
mula (1) are determined through their projections on
the x0z and y0z planes.

The angle B is related to its projections 3, and
B, on the x0z and y0z planes by the ratio (Figure 2):

— 2 2
f = arctan \/tan” B, +tan” 3, .

Similarly, the angle a is determined by its pro-
Jections o, and a,, on the x0z and y0z planes:

o =arctan /tan’ o, +tan’ o, .

)

E

Ax x

Ao,

Figure 2 — Scheme for establishing relations between
angle B and its projections f, and B, on the x0z and y0z
planes

The tangents of the projections B, and 3,, o, and
a,, angles B and o, in turn, are functions of the coor-
dinates xp, yp, Xp, yp of the points P and D in Fig-
urel and the parameters d, f, g:

_@=xptx,f

tanf}, = ;
fg+d)-dg
tan[}v =(d_f)yp+ypf;
C flg+d)-dg
tan o, = (f—g)tanP, +x, :
S
(f—g)tanB, +y,
tanoc, = 5
! f

where d is the distance LR between the Fresnel lens
2 and the working plane 4 in Figure 1; f'is the focal
length of the Fresnel lens 2, equal to FL and LF"' in
Figure 1; g is the distance 0L between the LED ma-
trix 1 and the Fresnel lens 2 in Figure 1.

Segments /, and /, are connected with their pro-

Jections /,, [, and [, , I, expressions:

I+0

g [ 2
1y» 27— 12)( + lZy 4

where /,, is the projection of the segment PB of the
light beam from the LED P to the Fresnel lens 2 on
the x0z plane; /,, is the projection of the segment PB
of the light beam from the LED P to the Fresnel lens
2 on the 0z plane; /,, is the projection of the seg-
ment BD of the refracted beam from the Fresnel lens
2 to the working plane 4 on the x0z plane; /), is the
projection of the segment BD of the refracted beam
from the Fresnel lens 2 to the working plane 4 on the
0z plane; and

—_ d .
cosp,”

— d .
cos B_V ’

1x y
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d

j— d p—
cosa.,

2x >
cosa,

2y

At each point of the working plane 4 (Figure 1)
with x, y coordinates, there is a summation of the
energy flows that have come to this point along the
directions of the light rays from all LEDs at differ-
ent angles of incidence and with different angles of
deviation from the axis of symmetry of the light in-
tensity curve. The values of these angles depend on
the location and, consequently, on the number of the
LED in the matrix. The total distribution of illumina-
tion E(x, y) generated by all LEDs of the matrix 1 at
the point of the working plane 4 with x, y coordinates
can be calculated by the formula:

i=n j=m

E(x,)= ), > E ;(xy),

i=—n j=—m

4)

where i is the number of the LED in the matrix on the
x axis; j is the number of the LED in the matrix on
the y axis; n is the number of the first and last LED
in the matrix at the beginning of the reference from
the middle LED on the x axis; m is the number of
the first and last LED in the matrix at the beginning
of the reference from the middle LED on the y axis;
E;;(x, y) is the illumination distribution created by an
LED having the number i horizontally and the num-
ber j vertically, calculated by the formula (2).

Expression (4) is used for the case when one
common Fresnel lens is used for all LEDs. Another
option is also possible, when an individual Fresnel
lens is used for each LED. In this case, the optical
axis of this individual lens coincides with the cen-
tral axis of the LED. In this case, it is necessary to
first calculate the illumination distribution created by
the “LED — individual Fresnel lens” system. Then all
these illumination distributions are summed up tak-
ing into account the displacement of each LED — lens
pair relative to the zero coordinate on the working
surface. Then the sum of the illumination distribu-
tion is described by formula (5):

i=n j=m
E(xay): z z EO(x_iA)my_iAy)’

i=—n j=—m

)

where E(x,y) is the distribution of illumina-
tion created on the working surface by one pair of
“LED — lens” having a zero coordinate on the work-
ing surface; Ax is the pitch of the LEDs in the matrix
horizontally; Ay is the pitch of the LEDs in the ma-
trix vertically.

In the considered second variant, the plane of
LEDs P in the matrix is perpendicular to the axis of

the matrix, and, accordingly, to the optical axis FR
of the Fresnel lens (Figure 3a). In this case, the beam
PK, which is the axis of symmetry of the luminous
intensity curve (in its direction, the luminous inten-
sity is maximum), is parallel to the axis of the lens.
After being refracted by the lens, it passes through
the back focus of the lens and hits the working plane
DR at some angle. And the ray of the luminous in-
tensity curve PK’, the continuation of which passes
through the front focus of the lens F/ and in the direc-
tion of which the intensity of the luminous intensity
curve is less than for the ray PK, after refraction is
perpendicular to the working plane DR.

Another variant of the layout of the LED matrix
is possible, using an individual Fresnel lens for each
LED (Figure 3b). Here, the plane of each LED P of
the matrix is rotated so that the continuation of the
beam PK on the axis of symmetry of the luminous
intensity curve passes through the front focus F of
the lens at such an angle y that, after refraction by
the lens, this beam is perpendicular to the working
plane DR. The angle y depends on the coordinates
of the LED P, so its values are different for each
LED. Since the luminous intensity in the direction
of the symmetry axis of the luminous intensity curve
is maximum with respect to the rays of other direc-
tions, in this case the radiation intensity in the direc-
tion perpendicular to the working surface is greater
than in the previous case, illustrated in Figure 3a.

D

B

Figure 3 — Scheme of the course of rays with continua-
tion through the front focus of the lens when the axis of
symmetry of the light intensity curve is parallel to the
axis of the lens (@) and when the axis of symmetry of the
light intensity curve passes through the front focus of the
lens (b)
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For the variant shown in Figure 3a, the illumi-
nation distribution is calculated using formulas (2)
and (4). For the case illustrated in Figure 35, instead
of formula (2), the expression is used:

I(p)cosa

9 6
(h+1)? ©

E; j(x,y)=
where ¢ is the angle of inclination of the light beam
PK'to the axis of symmetry PK of the light intensity
curve (Figure 3b), ¢ = B—y; B is the angle of inclina-
tion of the light beam PK' to the axis of the Fresnel
lens FL, calculated by the formula (3); y is the angle
of inclination of the axis of symmetry PK of the light
intensity curve to the axis of the Fresnel lens FL.

The angle y is determined by its projections v,
and v, on the plane x0z and y0z similarly to the angle
B calculated using the expression (3):

Y= .21rctan,ltan2 Yyt tan? Yy

where

X .
tany, =—L—; tany, = YP_ other designa-

tions are given earlier.

In order to evaluate the possibility of practical
use of the proposed mathematical model, the results
of calculating the illumination distribution on the
working surface according to formula (4) were com-
pared with experimental data.

For an experimental study of the dependence of
illumination on the distance between the LED matrix
and the lens, the distribution of illumination on the
plane was measured. The RGB LED matrix had a
height of 55 mm and a width of 94 mm, 5 WS2812b
LEDs were located vertically, 10 horizontally in
9 mm increments. A rectangular Fresnel lens with a
height of 26 cm and a width of 18 cm with a focal
length of 20 cm was installed parallel to the matrix
plane. The distance between the matrix and the lens
was 1 cm. The matrix and the illuminated plane were
located at a distance of 50 cm from each other.

Measurements were made at 6 points of the illu-
minated matrix, starting from the optical axis of the
matrix with a step of 10 cm in two directions: hori-
zontally and vertically. 2 devices were used for mea-
surements: the Opple Light Master I1I device with a
photosensitive diameter of 17 mm (relative measure-
ment error of 5 %, measurement limit of 0—5000 Ix)
and an original measuring device containing a pho-
todiode with a photosensitive diameter of 6.5 mm, an
amplifier and a power supply. The use of the original
measuring device made it possible to reduce the di-
ameter of the measuring platform in relation to con-

ventional luxmeters and thereby increase sensitivity
to changes in illumination on the plane. The readings
of the measuring device were translated into illumi-
nation units using a calibration curve. This curve was
obtained by measuring different levels of illumina-
tion on a plane with a uniform distribution of illumi-
nation both by the original device used and by the Yu
116 luxmeter.

For calculations according to formula (3), data
on the light intensity curve /() of a three-crystal
RGB-SMD LED LM1-TPP1-01 TTQ from COTCO
with a delta-like arrangement of crystals inside the
case [1] having the same arrangement of crystals and
the same angle of the light intensity curve (120°)
were used, as with the WS2812b LED. The calculat-
ed values of the matrix pitch, the distances between
the matrix, the Fresnel lens and the illuminated plane
corresponded to those used in the experiment.

Comparison of the calculation results and ex-
periments showed their correspondence, sufficient
to solve the problem of optimizing the distribution
of illumination of the working plane in LED sourc-
es of local illumination. The standard deviations of
the calculated values from the measured values are
shown in Table 1.

Table 1

Standard deviations of calculated values from
those measured in relative units

Distance  BY thex coordinate By the y coordinate
between iy Opple - Opple
wand e (g Gl
matrix, cm Master III Master III
1 0.083 0.034 0.085 0.023

It is obvious from the mathematical model that
the distribution of illumination on the working plane
is a function of the focal length of the Fresnel lens,
the distance between the lens and the LED matrix,
the distance from the lens to the working plane. To
investigate the effect of the focal length of the lens
and the distance between the lens and the LED ma-
trix on the illumination distribution on the working
plane, calculations of this distribution were made
for the distances between the lens and the matrix
of 0.5 cm, 1 cm, 1.5 cm and the focal lengths of the
lens of 10 cm, 50 cm, 100 cm. The distance from the
Fresnel lens to the working plane was chosen to be
50 cm. This distance provides an optimal combina-
tion of the height of the lamp for local lighting and
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the distance between the light source and the work-
ing plane.

The calculation results showed that a change
in the distance between the lens and the matrix in
the range from 0.5 cm to 1.5 cm slightly affects the
distribution of illumination when changing the focal
length of the lens in the range from 10 cm to 100 cm.
At the same time, at different values of the focal
length, the nature of the distribution of illumination
and its maximum value changes, which is illustrated
in Figure 4.

70
60

-2 -15

X, m

Figure 4 — Graphs of the dependence of illumination £
as a function of the spatial coordinate x for the distance
between the Fresnel lens and the matrix of 0.1 cm with
a focal length of the lens of 10 cm (lower graph), 50 cm
(upper graph), 100 cm (middle graph)

The calculation results indicate that in a given
range of numerical values, a change in the focal
length affects the nature of the illumination distribu-
tion in the working plane to a greater extent than a
change in the distance between the lens and the ma-
trix. In addition, with a focal length of 50 cm equal
to the selected distance from the lens to the working
plane, there is a more uniform distribution of illumi-
nation than for focal lengths of 10 cm and 100 cm.
At the same time, starting from the focal length value
of 50 cm and above, the maximum illumination value
does not increase.

Using the developed mathematical model

to optimize the illumination distribution

of the working plane in LED sources of local
illumination containing a Fresnel lens

Based on the previously developed methodol-
ogy for calculating the illumination distribution of
the working plane [3], variants of LED sources of ge-

neral and local illumination without secondary optics
were studied, providing illumination regulated by
standards and its uniformity. If it was possible to de-
velop an acceptable option for general lighting that
meets the requirements of regulatory documents™*,
then an acceptable solution was not found for local
lighting.

According to the requirements for local lighting
according to GOST R 557107 for work with video
terminals, writing, typing, reading, data processing,
the operational illumination should be 500 Ix, and
the uniformity of illumination & (the ratio of the min-
imum illumination value to the average value on a
given surface?) should be at least 0.6. In accordance
with the Methods of hygienic assessment of indica-
tors of artificial light environment in the premises of
buildings and constructions® for the distance to the
illuminated plane of 0.5 m, the radius of the working
area is 0.6 m.

Previous studies [3] have shown that the main
problem in the development of an LED source of
local illumination without secondary optics was the
achievement of the required uniformity of illumina-
tion. To calculate the uniformity of illumination in
accordance with GOST?, it is necessary to find the
quotient of the division of the minimum illumination
(as a rule, it takes place at the edge of the working
area) to the average over the entire working area.
Therefore, the uniformity of illumination £, as well
as the values of the illumination itself, is a function
of the focal length of the Fresnel lens and the dis-
tance between the lens and the LED matrix.

To determine which values of these distances
correspond to the required uniformity of illumina-
tion, an analytical dependence of the uniformity of
illumination k& of the working surface as a function of
the focal length f of the Fresnel lens and its distance
g from the matrix was obtained for three cases. In the

* Hygienic standard “Indicators of safety and
harmlessness for humans of natural, artificial and combined
lighting of residential buildings”. Approved by the Decree
of the Ministry of Health of the Republic of Belarus on
June 28, 2012 No 82. Access mode: https://minzdrav.gov.
by/upload/lcfiles/text tnpa/000348 136669 PoatMZ
N82 2012 _GN.pdf. — Access date: 05/03/2023

> Methods of hygienic assessment of indicators of
artificial light environment in the premises of buildings
and structures. Instructions for use // Republican unitary
Enterprise "Scientific and practical center of hygiene".
Reg. No. 007-1217. — Minsk, 2018. — 14 p. Access mode:
http://med.by/methods/pdf/007-1217.pdf. — Access date:
28.01.2022 (in Russian)
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first one, one lens is used for the entire matrix and the
axes of symmetry of the light intensity curves of the
LEDs are parallel to the axis of the lens. The second
one also uses one lens for the entire matrix, but the
continuations of the axes of symmetry of the light
intensity curves pass through the front focus of the
lens. In the third case, an individual Fresnel lens is
used for each LED. In the first case, formulas (2, 4)
were used for calculation, in the second — (6, 4), in
the third — (2, 5).

Analysis of the calculation results allows us to
conclude that for all three cases the dependencies
are similar, and the minimum allowable value of
the uniformity of illumination £, equal to 0.6, cor-
responds to a large number of possible combina-
tions of focal lengths of the lens and the distances
between the lens and the matrix. In addition, chang-
ing the distance between the lens and the matrix in
the selected range slightly affects the uniformity of
illumination. As an example in Figure 5 graphically
shows the dependence of the uniformity of illumi-
nation on the focal length of the lens and the dis-
tance between the lens and the matrix for the first
case.

0.8 -
0.6 J.
ko4 T
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e ||:‘l‘|‘i'l:‘:“ll‘l‘l"‘llll‘l
027 R i AT
‘ - ‘l“\'ll\“l\\‘l‘. l\\éll\ \‘““““

Figure 5 — The dependence of the uniformity of illumina-
tion k, on the focal length f of the Fresnel lens and the dis-
tance g between the lens and the LED matrix (the common
lens and the axes of the light intensity curves are parallel
to the axis of the lens, the yellow plane is the minimum
allowable value of the uniformity of illumination £, equal
to 0.6)

From the many combinations of the focal length
of the lenses and the distance between the lens and
the matrix, for each of the three cases, the combi-
nations given in Table 2 were calculated to ensure
maximum uniformity of illumination.

Table 2

The values of the maximum uniformity of illumination, and the corresponding values of the maximum
illumination, the focal length of the lenses and the distance between the lens and the matrix

w o Maximum Maximum Distance between
Type of “lens-matrix . . . L Focal length
N uniformity illumination lens and
combination . o of the lens f; cm .
of illumination £, E .. 1x matrix g, cm
A system with a common
lens and axes of the light 0.72364 63.973 50.29 0.5
intensity curve parallel to
the optical axis of the lens
A system with a common
lens and inclined axes of the 0.72434 63.812 50.29 0.5
light intensity curve
System with individual 0.72364 63.973 50.29 0.5

lenses for each LED

It follows from the analysis of the table that all
the values given in it are almost equal. Therefore, the
choice of using one of the three options may be due
to manufacturability, cost-effectiveness and thermal
stability, and other considerations. At the same time,
the number of LEDs selected for the calculation does
not provide the illumination required by the regu-

latory documents 2.4, equal to 500 Ix. An increase
in illumination is possible due to an increase in the
number of LEDs or by increasing their light output.
The number of LEDs in the matrix providing il-
lumination of 500 Ix, found by formula (4) for the
values of fand g given in Table 2, was 400. The size
of such a matrix with a 9 mm LED pitch is 18x18 cm.
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Using formula (4), the illumination distribution
on the working plane was calculated for a lamp with
400 LEDs with a Fresnel lens for the parameters f
and g given in Table 2, as well as the illumination
distribution was calculated in the absence of a lens
and the same distance between the matrix and the
working plane. The calculation results are illustrated
in Figure 6.
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Figure 6 — Dependence of the illumination distribution £
of the working plane as a function of the spatial coordinate
when using a Fresnel lens (red line) and without using a
lens (blue line) when illuminated by a matrix (20x20)

It follows from the graph in Figure 6 that the use
of a Fresnel lens in conjunction with an RGB matrix
made it possible to fulfill the regulatory requirements
for illumination and its uniformity, as well as to in-
crease illumination outside the regulatory lighting
zone. A matrix without a lens creates excessive il-
lumination in the center of the field and unacceptable
unevenness.

A significant number of LEDs (400) in the con-
sidered case is due to the low luminous efficiency
of RGB LEDs (33.9 Im/W [1]). If it is necessary to
reduce their number, it is possible to use more ef-
ficient white LEDs or a combined matrix of RGB
and white LEDs. In the first case, the ability to adjust
the spectral composition will completely disappear,
in the second, the possible range of regulation will
decrease due to the “dilution” of the radiation from
RGB LEDs with white light. To simulate natural ra-
diation, the second option is acceptable, since it al-
lows for the possibility of varying spectral character-
istics in a relatively small range inherent in natural
radiation.

The required number of LEDs is inversely pro-
portional to the light output. For example, if you re-
place RGB LEDs with “warm” ones (color tempera-

ture 3000 K) white SMD 1210 (3528) models with a
luminous output of 66.7 Im/W, then the illumination
distribution shown in Figure 6 will be provided by a
matrix of 225 LEDs (15%15).

Conclusion

A method has been developed for calculat-
ing the distribution of illumination created by the
combination of “LED matrix — Fresnel lens” when
the distance between the lens and the matrix is less
than the focal length of the lens. Calculations have
shown that a change in the distance between the
matrix and the lens from 0.5 cm to 1.5 cm at focal
lengths from 10 cm to 100 cm affects the maxi-
mum illumination and its uniformity to a lesser ex-
tent than a change in focal lengths from 10 cm to
100 cm at distances between the matrix and the lens
from 0.5 cm to 1.5 cm.

It is established that the use of a common Fresnel
lens for the entire LED matrix as a whole and indi-
vidual lenses for each LED individually provides al-
most the same illumination distribution. The rotation
of the axes of symmetry of the light intensity curve
of the LEDs from a position parallel to the axis of the
common lens to a position where the continuations of
the axes of symmetry of this curve pass through the
front focus of the lens also almost does not change
the distribution of illumination. Therefore, it is ad-
visable to choose the optimal one from the above op-
tions according to other criteria, for example, manu-
facturability, economy and thermal stability.
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