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USE OF LIGHT IN THE EXPLORATION AND RESEARCH
OF THE SEAS AND OCEANS

Oleg V. Kopelevich

The Institute of Oceanology of P.P. Shirshov of RAS, Moscow
E-mail: oleg@ocean.ru

ABSTRACT

The article considers the problems and oppor-
tunities associated with the use of visible radia-
tion in the study of seas and oceans. Sea water
is a light-scattering environment, and in most im-
portant cases scattering prevails over absorption.
Therefore, for theoretical evaluations of spread-
ing sunlight and radiation of artificial sources in an
underwater environment, one should use solutions
of integro-differential equation of radiation transfer,
which has required the development of various spe-
cial methods. A measurement of the light field para-
meters in an underwater environment also presents
considerable difficulties caused primarily by weath-
er conditions, which are cloud cover and surface
waves. The theory of underwater vision has its own
specific characteristics, especially when observa-
tion of underwater objects takes place through a tur-
bulent sea surface. An interesting example relating
to this problem is given in the review. Another ex-
ample illustrates modern possibilities of underwater
vision at the greatest ocean depths. Light as an in-
strument to study and monitor the marine environ-
ment has important advantages and even distinct
preferences in comparison with other methods. One
of them is the ability of light to penetrate the sea sur-
face with small losses (unlike microwave radia-
tion and sound), which allows applying remote light
probing of the ocean subsurface layer (from boats,
aircrafts and satellites). With the appearance of li-
dar using laser pulses for probing and with the de-
velopment of satellite observations, remote optical
methods are becoming more and more widespread.

Keywords: light, light-scattering environment,
radiation transfer theory, photometry, spreading
of the solar radiation, underwater visibility, lidars,
satellite observations

1. INTRODUCTION

This review is dedicated to use of visible ra-
diation (further — light) when exploring seas and
oceans. The author hopes that the problems un-
der consideration will be interesting to the rea-
ders of Light & Engineering Journal, and primarily
to those interested not only in design and technologi-
cal development of lighting installations, their intro-
duction and operation, but also in the study of light
distribution in various environments, in measure-
ment of light characteristics, its energy transforma-
tion into other energy types, as well as in light use
for other purposes besides illumination [1]. It is per-
tinent to note here that both, the founder of photom-
etry Frenchman Pierre Booger and the creator of the
modern photometry Soviet scientist A.A. Gershun,
considered the "sea" subject in their work. Booger
measured transparency of sea water under laborato-
ry conditions, proposed empirical formulae of the
dependence of the reflectance factor on the inci-
dence angle when light reflects from the water’s
surface, concluded an exponential law of light
weakening when it passes through an absorbing en-
vironment, developed the theory of object visibi-
lity in a turbid medium and applied it to calculate
a limit depth of visibility for drowned objects [2].
A.A. Gershun was an author of the first-ever mon-
ograph on sea optics "Transparency and Colour
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of the Sea"[3]. He was engaged in underwater illu-
mination and in more common theoretical and ex-
perimental problems of photometry of turbid me-
dia [4, p. 85-103; 397-400; 430—438].

As an environment for light distribution, sea wa-
ter has an important feature which determines the
science of ocean optics. This is a light-scattering en-
vironment, and in most important cases the scatter-
ing prevails in comparison with absorption. Photons
in the water, on average, undergo a greater number
of scattering events than of absorption. Therefore,
to describe light interactions with the marine envi-
ronment, the multiple scattering theory or the radia-
tion transfer theory should be used. This theory has
rather universal character and, in general, it is appli-
cable to atmospheric optics and in astrophysics, as
well as in neutron transport theory. However, a spe-
cific characteristic of sea water’s optical properties
causes certain limitations to the transport theory re-
sults obtained in other fields using hydro-optics.
Optical characteristics of sea water are the main fac-
tor determining light distribution in water from both
of natural and of artificial sources.

Optical phenomena in the seas and oceans were
of interest to sailors in ancient times. The approach
of making optical measurements directly in the
sea was first implemented by a Russian fleet cap-
tain O.E. Kotzebue. He was the one to begin to es-
timate the transparency of ocean water, measuring
the depth at which sinking objects disappear from
view. The interest in sea optics grew with develop-
ments in underwater exploration and the submarine
fleet. The main issues which were pursued were de-
tection and masking of underwater objects, visibili-
ty under water and use of underwater photo equip-
ment. Light modes at various depths are of interest
to marine biologists as well, because light modes
influence the process of photosynthesis and the pro-
duction of primary biota in seas and oceans.

The possibilities of an instrumental studies
of light distribution principles in water environ-
ments rapidly expanded in the 1920s after photo-
graphic plates were replaced with photocells. Along
with photometers to measure underwater illumi-
nance, immersed transparency metres and scatter-
ing metres came to be used. Natural hydro optical
studies became comprehensive: in sea expeditions,
both photometric values (surface and underwater
illuminance, as well as luminance), and the opti-
cal characteristics of water were simultaneously
measured.

An important milestone in this field in the 1920s
was an explanation of sea colour; in 1922, inde-
pendently from each other and almost at the same
time, Indian physicist Ch. Raman [5] and Soviet sci-
entist V.V. Shuleikin [6] showed that water colour
can be explained by a cumulative action of selective
absorption and scattering. The importance of this
discovery is confirmed now by the wide use of sa-
tellite colour scanners, which are amongst the most
popular satellite measuring instruments due to their
economic efficiency and to a wide range of infor-
mation that can be obtained. The era of satellite co-
lour scanners began in 1978, when the Coastal Zone
Colour Scanner (CZCS) was enabled on the Ame-
rican NIMBUS-7 satellite. And at present, satellite
observations are the main instruments used to study
and monitor seas and oceans.

Another scientific and technological achieve-
ment determining a new stage in the development
of the ocean optics was the creation of pulse lasers
in the 1960s, radiating short powerful light pulses,
which led to the emergence an entire area of study
in hydro-optics: the learning principles of forming
a non-stationary underwater light fields and the de-
velopment of laser probing methods of the water
medium.

In this review we are limited to a short sum-
mary of the three main aspects of the use of light
in seas and ocean exploration: (1) light mode in wa-
ter density created by solar radiation; (2) under-
water visibility with natural and artificial illumi-
nation, including through a turbulent sea surface;
(3) use of light to study and monitor the marine
environment.

2. MARINE ENVIRONMENT LIGHT
MODE CREATED BY SUNLIGHT

In the early stages of exploring the seas and
oceans, only the water’s surface layer illuminated
by sunlight only was accessible to mankind. And
today, when divers penetrate into the deepest ocean,
this layer is still important. Shallow waters and
coastal areas are still the most accessible to people.
The surface layer is also important due to the fact
that primary products develop within it: this is the
photosynthesis layer. Biologists call it the photo lay-
er (the illuminated layer), and the depth accepted
to be its lower boundary is where photosynthetic ac-
tive radiation (PAR — spectral interval 400-700 nm)
is 1 % of the surface radiation. In most clear ocean
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waters the depth of the photo layer can exceed
100 m.

2.1. Theoretical evaluations of solar radiation
expansion in a water environment

Radiometric values expressed in energy units
will be referred to as [7]: F is radiation flux, E is ir-
radiance and L is radiance.

Because of multiple scattering, the en-
tire photo layer is saturated with sunlight, which
sines on a selected point of observation from all
directions. The surface for analysis can be real
(sea surface or sea floor), or arbitrary; irradiance
or luminance can be calculated for a randomly fo-
cused surface in any selected point of a marine
environment.

Optical properties of sea water are described
by a set of optical characteristics, which includes
parameters of absorption a(4), scattering b(1), weak-
ening C(4) (sum of absorption and scattering fac-
tors (c = b+a)), as well as scattering indicatrix
P (0, 4). The latter characterises an angular distribu-
tion of once scattered light.

Derivative values are also used: the probability
of photon survival (also known as "single scatter-
ing albedo") W(1) equal to the relation of scattering
and absorption factors (W = b/c); factors of scatter-
ing forward b; (into the front hemisphere: scattering
angle 0 is from 0 to 90°) and back by, (0 is from 90
to 180°), asymmetry parameter K = b/b,.

Scattering factors b, by, by, absorption a and
weakening ¢ have dimension [m™1], scattering indic-
atrix P(0) is measured in srad-!, and photon survival
probability w is a dimensionless value.

Precise and comprehensive definitions of the
listed characteristics can be found in monographs
[8-9].

An important feature of the sea water scatter-
ing indicatrix is its big elongation in the incident
beam direction; the asymmetry coefficient is as
a rule greater than 10, and in some regions it is even
more than 100. This feature plays an important role
in light distribution.

In a homogeneous environment, the weakening
of a directed beam of light depending on the dis-
tance is described by a simple formula:

F() = F(0)-exp(-c), M

where F(0) is initial value of radiation flux, F(I)
is the value of the flux after passing | distance
within the environment. The cl value is called op-
tical thicknesst, and e~ = F(1)/F(0) value corre-
sponding to transmission of a directed light beam
by a layer of unit thickness is the transparency (usu-
ally measured in percent).

Formula (1), which reflects the exponen-
tial nature of a directed beam weakening, depen-
ding on the distance, represents Booger's law.
S.I. Vavilov showed that in an absorbing environ-
ment, Booger's law is correct when weakening in-
tensity of incident luminous flux by 10'? times.
However in a scattering environment, such as
sea water and atmosphere, Booger's law has limi-
tations: it is only applicable to narrow-band beams
and in the interval, where single scattering pre-
vails (t = cl <<1). In case the distance from a radia-
tion source increases in a strongly scattering (poorly
absorbing) environment, multiple scattering domi-
nates, and, instead of using Booger's law to describe
radiation spreading in such environment, one should
use the radiation transfer equation [8].

In its simplest configuration, the transfer equa-
tion looks like:

dL/dl =—cL+

+b [ L0 PO.07d2, @

4r

where dL/dl in the left part of the equation is change
of luminance dL in the direction under conside-
ration along an infinitesimal way section dl; the
first term of the right part shows luminance reduc-
tion at a single interaction with the environment
(formula (2) without the second term is Booger's
law in differential form).

The second term takes into consideration a lu-
minance increase in the given direction due to the
scattering of radiation coming from other directions
corresponding to zenith and azimuth angles ¢, j.

Equation (2) is an integral differential equa-
tion which is complex to solve, however there are
effective numerical methods developed.

Description of strict and various approximate
methods of the transfer equation solution can be
found in [8].

Among most applicable numerical methods are
the Monte-Carlo method, DISORT and Hydrolight.
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An advantage of the Monte-Carlo method is that
it is applicable for any geometry, illumination con-
ditions, spatial distribution of optical characteris-
tics, etc. A disadvantage is its significant comput-
ing time.

An advanced method of discrete ordinates DIS-
ORT (Discrete Ordinates Radiative Transfer) is im-
plemented as a computer program to solve the
radiation transfer equation in a plane-parallel en-
vironment applicable both for visible, ultra-vio-
let, infrared and microwave radiation. This me-
thod is widely used in programs which calculate
radiation transfer in the atmosphere. Generalisa-
tion of the DISORT for the ocean-atmosphere sys-
tem with a smooth interface is described in [10].
And the used approach is generalised for a wavy
sea surface case in [11].

Hydrolight is a commercial program for nu-
merical solution of the radiation transfer equa-
tion in a plane-parallel environment [12]. It allows
computing spectral luminance distributions at a gi-
ven depth in water thickness both for descending,
and for ascending radiation fluxes, taking into ac-
count reflection from the sea floor, as well as un-
der and over the sea surface. In the last case, for
a pre-set luminance distribution of direct and dif-
fuse radiation incident on the surface, radiation lu-
minance distribution reflected from a wavy sea sur-
face is also calculated. Other input parameters for
the calculation are spectral absorbing and scatter-
ing properties of sea water with an arbitrary distri-
bution by depth, characteristics of the sea floor and
wavy sea surface. Details of the used method for
solving the transfer equation can be found in book
[13].

An advantage of the Hydrolight program over
the Monte-Carlo method is that it calculates the lis-
ted characteristics much quicker with the same ac-
curacy. The difference is especially noticeable for
ascending radiation luminance, where for sea wa-
ter within the Monte-Carlo method, we need to start
form a very large number of photons (107 and more)
to provide the required degree of accuracy of the
results because of a strong elongation of the scat-
tering indicatrix. A simplified version of the Hy-
drolight program named EcoLight only computes
irradiances and does it 30—100 times quicker than
Hydrolight.

The weakening of the solar radiation flux with
increasing depth is also approximately described
by exponential law:

E,(2)=E, (07 )xexp(-K,z), 3)

where E4(2) is irradiance created by descending so-
lar radiation flux at z depth; E4(0") is irradiance di-
rectly under the surface; K; is diffuse weakening
factor of descending solar radiation (in the Russian
body of literature, it is often called vertical weak-
ening factor of underwater irradiance from the top).

If K4 changes with depth, then the exponential
curve index, the following integral should be writ-
ten in (3):

E,(z)=E, (0*)>< exp[—iK(z)dz]. (3a)
0

Formulas (3) and (3a) are also applicable for ir-
radiance E (2) created at z depth by ascending so-
lar radiation flux but instead of the Ky factor, one
should use K, factor for ascending solar radiation;
K, # Kg.

Both factors depend on the optical properties
of sea water (primarily, on absorption and on scat-
tering back factors), as well as on an angular struc-
ture of descending and/or ascending luminous
fluxes.

For Ky factor, one can use an approximate for-
mula [14]:

K, =1.04D,(a+b,), (4)

where D, =(1-g)/cos6,, +1,197g, a and by, are
absorption and scattering back factors; &y, is the
refraction angle of direct solar rays, ¢ is a por-
tion of diffuse radiation of the whole radiation flux
incident on the surface. All values hereafter are
functions of the radiation wavelength /.

g value is close to 0 for clear atmosphere and for
when the sun is high (in zenith) and is equal to 1
without direct solar rays in the event of a clouded
sky, or of a dust storm. In the first case Dy =1, in the
second it is equal to 1.197. The biggest value of Dy
corresponds to a clear atmosphere case at a maxi-
mum possible refraction angle of direct solar rays
Jow = 48.3°. Dy value in this case is close to 1.5.

It can be seen that in general, the K value signif-
icantly depends on the sun’s altitude and on the state
of the atmosphere. Nevertheless, given that Dy=1.2
and if we neglect b, value in (4) in comparison with
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February

August

May

November

K, (490), m™

Fig. 1. Average monthly spatial distributions of diffuse weakening factor of underwater irradiance Ky (490) according to
the VIIRS satellite colour scanner data averaged during the 2012—-2016 period

A, nm

Fig. 2. Spectral dependences of the diffuse weakening fac-
tor of underwater irradiance K (1) depending on Ky (500)
value. Figures at the curves correspond to the following
Kg (500) values: 1-0.028; 2—-0.034; 3—-0.046; 4-0.069;
5-0.092; 6-0.115; 7-0.138; 8-0.161; 9-0.184; 10-0.207
m! (the values are derived from data [8, p. 276])

a (which is quite acceptable for most of sea and
ocean water), then the obtained approximate formu-
la for the Ky calculation is suitable for most cases:
Kd = 1,25‘3..

Fig. 1 shows average monthly spatial distri-
butions of underwater irradiance diffuse weaken-
ing factor Ky (490) for wavelength of 490 nm for
February, May, August and November according
to the VIIRS satellite colour scanner averaged for
the 2012-2016 period [15]. It can be seen that this
value changes drastically depending on the region:
from ~0.01 m'! to several units. In addition, this va-
lue is subject to noticeable seasonal variations.

2.2. Spectral distributions of underwater
irradiance and solar radiation penetration
depths limits

The diffuse weakening factor Ky depends on 4 —
radiation wavelength, and this dependence is pro-
nounced in the spectrum visible interval, Fig. 2, [8,
p.276]. K4(500) depends on the absorption factor
absolute value, and as it can be seen from Fig. 2,
Kg (4) dependences corresponding to different va-
lues of the absorption factor, differ from each oth-
er in the short-wave spectrum part most obvious-
ly. These changes are primarily connected with the
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A, nm

Fig. 3. Change of spectral distribution of underwater irradiance E4 (1) with depth in different waters: a — Sargasso Sea, b —
near Senegal. Figures at the curves are the horizons, m [8, p. 269]

change in concentration of coloured organic sub-
stances in different waters.

According to (2), changes of K (1) spectral valu-
es lead to changes in the spectral distribution of un-
derwater irradiance Eq4 (4, z) with the depth, and
this change happens differently in various water
types [8, p.269]. It can be seen from Fig. 3 that wa-
ter acts as a colour filter: directly under the sur-
face (at a depth of 0 m) irradiance spectral distri-
bution corresponds to the solar spectrum, and this
distribution narrows with depth depending on the
spectral dependence of Ky (1) factor. The general
property of all types of sea water is a strong weak-
ening of the red spectrum interval with increasing
depth, caused by water absorption. The disappear-
ance of red light from the luminous flux spreading
into sea depth can result in unexpected chromatic
effects under water. One such effect is colourful-
ly described in book [16], when a diver wounds
a large leerfish with a harpoon at a depth of seve-
ral tens of metres: "The blood was green! Bewil-
dered with this spectacle, I swam up closer look-
ing at the stream, with which life was leaving the
heart of the fish. The blood was an emerald green.
We exchanged looks of wonder. How many times
had we swam among the leerfish but we never sus-
pected that they had green blood. Holding the har-
poon firmly with his astonishing trophy, Didi went
up. At a depth of fifty five feet, the blood became

brown. At twenty feet — it was already pink, and
on the surface it was spreading in scarlet streams".

A difference in the absolute values of the K fac-
tor results in an abrupt difference of the light mode
change with depth. In clear ocean water the trans-
mission maximum, Ey4 value decreases by an order
of magnitude at a depth of approximately 100 m,
and in turbulent coastal water it decreases by ap-
proximately three orders of magnitude already at
a depth of 50m (Fig. 3).

Many researchers have asked the question: at
what depth does sunlight disappears completely.
This question in particular was considered by Pierre
Booger, who believed that the sun becomes com-
pletely invisible if its light is weakened by 900 bil-
lion times. Simple evaluations show that in clear
ocean water, such weakening happens at a depth
of approximately 600 m.

Photo multipliers, which are modern optical de-
tectors capable to catch even separate photons, and
at a depth of 1000m in transparent water will re-
cord approximately one photon per second. Only
one photon of every 1024 hitting the sea surface will
reach a depth of 1200 m; here a sensitive photo mul-
tiplier would record a photon approximately once
a day; at a depth of 1500 m it would be once every
300 years! It is unlikely that a single sunlight pho-
ton has reached the bottom of the Mariana Trench
during the whole history of mankind.
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Fig. 4. A measuring instrument of light mode on the sea surface and in water thickness. On the left is an immersed
detector, on the right is a deck-based detector

2.3. Measurement of solar radiation
parameters on sea surface and in water
thickness

Previous sections have shown that at present
theoretical light mode calculations in marine envi-
ronment can generate quite reliable results, provi-
ded that the optical characteristics of sea water and
illumination conditions are known. Certainly we
cannot do without direct measurements of light field
parameters: which are at least necessary to check
the accuracy of various theoretical models. How-
ever, measurements of these parameters under the
conditions of sea expeditions usually pose consid-
erable difficulties. In our opinion, to measurement
of optical characteristics of sea water is simpler and
more reliable; they can be measured in a laboratory,
unlike light field parameters.

Measurement difficulties are primarily connec-
ted with weather conditions: cloudiness, rolling,
surface waves. The latter create high-frequency
fluctuations in underwater irradiance, which need
to be separated from the average values for data pro-
cessing. An analysis of the technological difficulties
in light field parameter measurement can be found
in [8, chapter.9]. The book also describes the devi-
ces developed up until the 1980s. In this review we
will give examples of modern developments. Only
irradiance measuring instruments fall within the
scope of this article.

Over the last years, the Institute of Oceanolo-
gy of Russian Academy of Sciences (I0 RAS), uses
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a light mode metre (LMM) to measure irradiance
from the top (Ey) and from the bottom (E,) [17]. It
was created to measure surface and underwater ir-
radiances based on four-channel radiometers deve-
loped by the American company Biospherical In-
struments Inc. The measuring system includes two
detectors, each of which provides irradiance mea-
surement in spectral channels 443, 490, 555 and 625
nm (half width of 10 nm) with an error of more than
5 %, Fig. 4. A special cosinusoidal collector pro-
vides cosine accuracy of = 2 % and + 10 % in an-
gle intervals of (0-65) © and (65-85) °© respectively.

A deck-based spectral radiometer (Fig. 4) was
installed on the flat deck of a boat and equipped
with a "vertical stabiliser" to avoid influence of rol-
ling on the irradiance measurements. During the
boat’s journey, a continuous registration of spec-
tral surface irradiance was made from a deck-based
module using four wavelengths during all daylight
hours. The dynamic irradiance range of the deck-
based detector is equal to (102 — 30) W/m?.

The underwater radiometer was submerged from
the board using a cable in kevlar braid to a depth
of 100 m. Dynamic interval of irradiance measu-
rements was (10* — 30) W/m2. The device was
equipped with water depth and temperature detec-
tors. The underwater module measurements can
be taken both in a continuous probing mode, and
at stable horizons. The sampling frequency of ir-
radiance channels in the probing mode was 5 Hz,
and in the sample mode it was equal to (1/60) min.
To measure underwater irradiance from the bottom
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Technical characteristics:

» Dynamic range of the channel
of measurement of a spectral irradiance
is (3-0,0003) W/ m? enm;
* Spectral range of measurements
is (320-1100) nm;
* Spectral resolution is 3 nm;
* The maximum depth of immersion (on cable
length) is 100 m;
« Time of selection of an average spectrum
(it is set by the operator) is from 0,1s
up to 24 h;
The device is calibrated 26.01.2015 by the
TRIOS company according to the NIST
standards.

Fig. 5. Hyper spectral RAMSES radiometer of TRIOS Company development [19]

E, and to determine the diffuse weakening coeffi-
cient K, the underwater module was turned over
with the collector down. Using a developed auxilia-
ry module installed on the housing of the underwa-
ter radiometer, it was possible to take measurements
autonomously, without a cable.

Algorithms and correspondent software were de-
veloped to calculate spectral values of the surface
irradiance [18] and spectral coefficients of diffuse
reflection [17].

At the IO RAS, a hyper spectral radiometer
RAMSES developed by the German company TRI-
OS is also used, Fig. 5. Measurements using this de-
vice are taken at discrete horizons, and the depth
is determined by means of a built-in depth detector.

To measure underwater irradiance from bottom the
E,, the underwater module is turned over with the
collector down. More detailed information on this
device can be found on the TRIOS Company web-
site [19].

An interesting system for the measurement
of luminance of ascending radiation and irradiance
from the top in eight spectral channels is proposed
by SAtlantic American company [20] (Fig. 6). Two
versions are available: a buoy version and a free-
ly incident platform (to isolate the device from the
boat’s movements, which can lead to the data dis-
tortion). In order to work in the buoy version, a de-
tachable float is installed, Fig. 6; in this configura-
tion, luminance and irradiance measurements can be

Fig. 6. The Profiler 1l measuring system developed by SATLANTIC Company [20] to measure luminance of ascending
radiation and irradiance from the top in eight spectral channels. On the left is an example to measure in the buoy version;
on the right — to measure in the free fall mode
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a)

b) c)

Fig. 7. Images of self-luminescent azimuth mark through the water surface in a laboratory pool: (a) is an initial image
through a smooth surface, (b) is an image through a wavy surface (exposure is 1/400 s), (¢) is a restored image [24]

performed directly under the sea surface (only 5cm  modern possibilities of underwater vision at the

lower than the surface).

When working in the "free fall" mode, the float
is removed, and the probe measures vertical profiles
of the characteristics, sinking under its own weight.
Other detectors can be installed on the probe, along
with luminance and irradiance measuring instru-
ments: those measuring temperature and electrical
conductivity, depths, tilt angle, fluorescence and
light scattering.

3. UNDERWATER VISIBILITY
WITH NATURAL AND ARTIFICIAL
ILLUMINATION

Observation of underwater objects is one of the
most important directions in the exploration of the
world’s oceans. To achieve it in practice, various
observation systems have been developed and cre-
ated: onboard ship systems, underwater carrier sys-
tems, aircraft systems and satellite systems. The
underwater vision theory is based on the theory
of radiation transfer but has its own specific cha-
racter. At present, books and review articles are
published, in which basic the provisions of the
modern theory of vision are summarised, calcula-
tion methods of image, visibility range and resolu-
tion parameters of various vision systems are de-
scribed at natural and artificial illumination [21,
22]. In 2006, the first-ever monograph on the theory
of vision through a wavy sea surface was published
[23]. The publications mentioned contain practical-
ly all important bibliographic references, and the
readers who are interested in underwater vision, will
be able to find descriptions of various aspects of the
problem within them. In our review, we will only
provide two interesting examples, one of which
addresses the problem of improving image quali-
ty when observing an underwater object through
a wavy water surface, and another illustrates the
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greatest ocean depths.

3.1. Correction of underwater object images
distortion by surface waves

The sea surface is disturbed into wave form
by exposure to the wind can be presented as con-
sisting of separate elementary sites with a random
inclination. Radiation reflected from an underwater
object when passing through the surface, is refract-
ed on these sites and significantly distorted. This
problem partly can be solved by averaging (accu-
mulation) a large number of images, provided that
the accumulation time considerably exceeds the ma-
ximum period of the wave. However, in real aircraft
vision systems, which operate at a high movement
speed, such averaging is impossible, and we have
to deal with "instant" images.

An example of distorting an instant image
of a self-luminescent azimuth mark through a wavy
water surface in a laboratory pool (exposure was
1/400 s) is shown in Fig. 7.

The idea of correcting a distorted instant im-
age is based on the use of information on spatial
distribution of slopes. In experiment [24], the re-
sults of which are presented in Fig. 7, such infor-
mation was obtained from a glare pattern of a wavy
surface illuminated with a wide parallel beam
(at a known direction and incidence angle). The sur-
face was illuminated with red light, and the object —
with green. Processing the glare pattern allowed ob-
taining a slope value in the neighbourhood of mirror
points, which are within the surface area responsi-
ble for image distortion. For each instant image, the
obtained information was used to correct separate
fragments of the image, and the correction of the
whole image was implemented by a summation (ac-
cumulation) of a series of partly corrected instant
images. A result of the performed correction pre-



Light & Engineering

Vol. 25, No. 4

Fig. 8. Deep-water manned vehicle Mir: on the left — before immersion, on the right — investigation of a sunken subma-
rine, Atlantic Ocean, depth is 5400 m

sented in Fig. 7c vividly demonstrates a the possi-
bility of correcting images distorted by surface wind
waves.

3.2. Deep-water observations using manned
vehicles

In the IO RAS, two deep-water manned vehi-
cles (DWMV) are operated: Mir-1 and Mir-2 with
an immersion depth of to 6 km [25]. The vehicles
are equipped with powerful underwater luminaires
(Fig. 8), which make it possible to conduct visual
observations of underwater objects, as well as pho-
to- and video- and recordings. The Mir vehicles
enabled important scientific discoveries, studies
and video recordings of six objects, which sank
at a depth of approximately 5400 m. In 1991 and
1995 using the Mir vehicles, shootings took place
of the legendary ship Titanic, sunken at a depth
of 3800 m. In the immersion process, the Titan-
ic vessel was studied. During the accident, Titanic
went down in two pieces and they now lie at a dis-
tance of 600 m apart. Unique filming was carried
out. As a result, the IMAX TITANICA film and the
renowned Hollywood film Titanic were created.
Live television broadcasting of a video signal was
undertaken at a depth of 3800 m, using a fibre-op-
tical cable stretching to the ocean surface and then
via a satellite to land. These operations were per-
formed three times, and during one of them, people
around the world watched a transmission from the
Titanic within 2.5 hours of filming for the Discov-
ery channel.

The Mir DWMYV supported several other famous
film projects, including: "Bismarck", "Aliens of the
Deep", "Ghost of the Abyss", etc.
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Unique scientific research was undertaken dur-
ing an expedition to the lake Baikal in July and Au-
gust 2008. The Mir vehicles made 52 descents. Sci-
entists taking part in these studies managed to find
oil-bearing rocks, seismogenic grounds and new
microorganisms.

The Mir vehicles and onboard scientific crew
also descended to the hydrothermal fields of the
Atlantic and Pacific oceans. They gathered a large
body of unique scientific data, which allowed es-
timating the scales of the global hydrothermal sys-
tem, deposits of mining formation in some regions,
studying their chemical composition, investigating
biological diversity of the hydrothermal systems,
etc..

4. USE OF LIGHT TO STUDY AND
MONITOR SEA ENVIRONMENT

Use of light to study and monitor sea environ-
ment has important advantages, and in some cases
is superior to other methods. Among them are: the
possibility to study without damaging the investi-
gated environment, a practically inertia-free, high
spatial resolution, potentially great scope and vari-
ety of the obtained information. Optical probes are
widely used (transparency meters, nephelometers,
fluorimetres) to study spatial distribution of suspen-
sions, phytoplankton, a coloured organic substance,
and hydrodynamic processes.

Unlike microwave radiation and sound, light
passes through the sea surface without significant
losses, which makes it possible to study the ocean
subsurface layer distantly (from a boat, or a onboard
a plane, as well as from satellites).
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Fig. 9. Measurements using aircraft lidar of IO RAS. On the left — spatial distribution of a weighed substance (relative
units) according to aircraft lidar shooting over a shallow Atlantic shelf near the east coast of the USA. (Vertically is depth
in metres also computed according to the polarisation lidar data. A 16-kilometre section site is presented. Along the
lower scale is time in seconds. Crosses (+) show position of stations 4 and 5, where reference optical measurements were
performed.) Vertical profiles are comparison results: computed according to lidar (on the right) and measured in situ with
benthonic nepheloid layer at a depth of = 21 m (on the left)

4.1. Use of laser radiation

Since the early 1970s, in specialised expedi-
tions of the IO RAS, natural experiments to study
the principles of pulse laser radiation expan-
sion in ocean waters and to study the possibilities
to use laser pulses for probing water environment
were made. It was found that laser beams could pen-
etrate water thickness rather deeply: in an experi-
ment with clear ocean water performed using a spe-
cially developed underwater bench, laser signal sent
from a research vessel, was registered at a depth
of more than 300 m; irradiance weakening relative
to the surface was by a factor of 11.

To determine the characteristics of the surface
layer water, lidar began to be used (Lidar is Light

dPAR,
Einstein m2-d™"

Detection and Ranging). Lidar was developed si-
multaneously in two directions: the so-called "time"
lidars and fluorescent lidars. The first are based
on measurement and on the subsequent processing
of the time dependence of an "echo signal", which
results from the backward scattering of the probing
pulse spreading in the water thickness. The princi-
ple studies in this field in the USSR were performed
by specialists from the Institute of Physics in Minsk
and of the Institute of Applied Physics in Nizhny
Novgorod. The type are based on the measurement
and analysis of the spectral characteristics of back-
ward scattering pulses, which are caused by quan-
titative and qualitative composition of fluorescing
components of sea water and by combination (Ra-
man) scattering — this was first explored by spe-

Land

Fig. 10. Comparison of spatial distributions of daytime exposition of photosynthetically active radiation (400—700 nm)
computed according to the MODIS-Aqua satellite scanner using IO RAS algorithm on August 1, 2014 at 10:55 am GMT
(on the left) and at 12:35 pm GMT (on the right). The white line shows route of the boat, and figures nearby show the
beginning (4:04 a.m.) and the end (4:02 p.m.) of the PAR measurements, as well as the boat position during the satellite
flight [31]
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Table 1. Main characteristics of the ocean and atmosphere, computed using

data from satellite colour scanners [30]

Parameter

Use

Spectral coefficient of water
thickness luminance

An indicator of the processes in the surface layer (such as expansion of river
runoff, impurities of various origin, mesoscale whirlwinds, frontal zones, etc.)

Concentration of
chlorophyll

Characterises the biomass of phytoplankton; it is a key parameter to calculate
primary products of oceans and seas

Characteristics of atmospheric
aerosol

They influence transmission of solar and egressing radiation, as well as cloud
microphysics

Parameters of clouds

It is the most important meteorological factor

Surface spectral irradiance

An important factor determining primary products and thermal ocean balance

Factor of underwater irradiance
vertical weakening

A key characteristic to calculate the light mode in water thickness, ocean albe-
do and bulk absorption of solar energy in the surface layer

Primary products

Characterises ocean biological resources, influences global carbon flows in
the atmospheric and ocean system

Absorption factor of a painted

organic substance .
ring parameters

Determines light absorption in water, characterises the concentration of paint-
ed organic substances and water quality in coastal areas; it is one of monito-

Scattering factor of sea
suspension

Determines water thickness albedo, characterises concentration of suspension
in water; one of monitoring parameters

cialists from Moscow State University. Informa-
tion on lidar methods for studying the structure
of the top ocean layer from aircraft carriers can be
found in review [26].

An example of measurement from an aircraft
polarising lidar (APL) developed in the IO RAS
is given in Fig. 9. The measurements were carried
out during the Russian-American lidar experiment
from a plane laboratory of NASA in 1996 [27].
Along with aircraft measurements, direct determi-
nations of the vertical structure were performed
from a boat. As it can be seen in Fig. 9, a good coin-
cidence of vertical profiles is observed. Such mea-
surements were also made from a boat using a ship
version of the polarising lidar [28].

Measurements by means of APL also allow com-
puting values of diffuse weakening factor of under-
water irradiance Ky in the sea subsurface layer and
constructing its spatial distribution [29].

4.2. Satellite observations of ocean colour
The first satellite scanner of ocean colour was

started in 1978 on the NIMBUS-7 satellite, and for
almost eight years of its work in the orbit, it trans-
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mitted a huge scope of information on the quantita-
tive characteristics of various sea and ocean colours,
depending on biological productivity of water and
on other factors. At present, satellite colour scan-
ners using solar radiation and not needing active
sources, provide information on the dynamic pro-
cesses in the surface layer (in particular, the expan-
sion of river runoff), allow estimating chlorophyll
concentration and light mode in water thickness,
concentration of suspension and of painted organ-
ic substances, water quality in coastal areas, etc.
(Table 1 [30]).

Fig. 10 shows spatial distributions of day-
time exposition of the photosynthetic active radi-
ation (PAR, (400-700) nm) computed according
to the MODIS-Aqua satellite scanner data using
an algorithm developed at the IO RAS [18]. In the
quoted paper, calculation results using the IO RAS
algorithm [31] and using the standard NASA algo-
rithm [32] are compared with the results of con-
tinuous ship measurements (each 10 min.) us-
ing LMM (see section 1.3), which were carried
out during an expedition of the Professor Shtok-
man research vessel along a route from Kalinin-
grad to Arkhangelsk at the end of July and begin-
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ning of August 2014. The results of the performed
comparison showed that both algorithms provide
quite an acceptable evaluation accuracy applied
to one day and 100 sq.km: without abrupt cloudi-
ness changes, the error was equal to (5-35)% for the
NASA algorithm and to (2-22)% for the IO RAS al-
gorithm. It should be noticed that IO RAS algorithm
makes it possible to estimate not only surface but
also underwater irradiance at various depths in the
subsurface layer [33].

5. CONCLUSION

Due to achievements in modern engineering,
new opportunities arise for the use of light dur-
ing exploration of the seas and oceans. New colour
scanners with improved spectral characteristics and
a higher spatial resolution are available. Possibil-
ities of pilotless drones for studying and monito-
ring sea subsurface layer and ocean coastal areas
are not yet fully developed. Possibilities of creating
underwater lidars to carry out optical remote prob-
ing within the sea environment are considered. Peo-
ple have already reached the bottom of the Maria-
na Trench, and deep-water manned vehicles work
at depths of 6 km. Underwater sailplanes (gliders)
have been developed with an autonomous sailing
range of thousands of kilometres. They can also be
installed with optical measuring instruments. The
era of exploring the seas and oceans using light
continues.
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ABSTRACT

The main geodetic target-satellites of dou-
ble-sided pulse laser range are considered. An up-
dated ring retroreflector array for the GLONASS
navigation spacecraft is presented. The main cha-
racteristics of the Pyramid compact retroreflector
array for low-orbital satellites are considered.

Keywords: corner reflector, retroreflector ar-
rays, spacecraft, geodetic target-satellites

1. INTRODUCTION

All modern navigation and geodetic spacecrafts
(SC) are equipped with corner reflectors (CR),
which form so-called retroreflector arrays (RA)
[1-5]. These are needed to reflect range measur-
ing system rays back to the radiation source in or-
der to measure distance to the SC precisely and then
to correct parameters of the orbit and of co-ordi-
nates of the optical-laser station, as well as to cali-
brate ground-based radio engineering measuring fa-
cilities [6-9].

CRs are unique optical devices, which change
direction of incident rays to opposite, irrespec-
tive of the incidence angle. Fig. 1 shows ray trace
in a CR and also several CRs fixed in a metal glass,
which are made in Precision Systems and Instru-
ments Research-and-production Corporation JSC.
In total there are tens of thousands of such CRs
in space.

Currently, one of the main instruments for the
provision of a high precision geocentric co-ordi-
nates of GLONASS tracking stations is a laser sta-
tion network measuring the distance to special geo-
detic satellites, which should have a submillimeter
target error (uncontrollable additive to the system-
atic measurement correction) and zero signature
(absence of pulse configuration and duration dis-
tortion). The measurement of ranges to such satel-
lites is also necessary for space geodesy, geodynam-
ics and navigation, including studying the Earth’s
gravitation field, influence of non-gravitation forces
on SC orbit stability, etc.

In most cases, passive geodetic target-satellites,
Fig.2, for high-precision laser range measuring are

Fig. 1. Corner reflectors in a frame produced in PCI RPC JSC
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«Larets» «STARLETTE» «WESTPAC»
«GFZ-1» «LARES» «LAGEOS-1»
«Etalon-1» «Blits-M» «GLASS»

Fig. 2. Passive target-satellites — spherical RAs (are shown not to scale)

heavy metal spheres, on the surface of which be-
tween 60 and 2,142 CRs are installed. Over the
last decades, from 60 to 2142 CRs were manufac-
tured and placed into orbits the following satel-
lites to address fundamental and applied tasks: LA-
GEOS-1 (the USA, 1976), LAGEOS-2 (the USA,
Italy, 1992), STARLETTE (France, 1975), STEL-
LA (1993, France), ETALON-1 (the USSR, 1989),
ETALON-2 (the USSR, 1989), GFZ-1 (Germany,
Russia, 1995), Larets (Russia, 2003), WESTPAC
(Russia, 1998), "LARES" (Italy, 2012) and many
others. The orbit altitude of the Etalon-1,2 satellites
is 19100 km, CR number is 2142 pieces, diameter
is 1294 mm and mass is 1300 kg.

If an object onto which CR is placed moves, ve-
locity aberration occurs. This causes the ray to de-
viate at an angle of 2-u/c, where U is the tangential
component of the object movement velocity, and ¢
is light velocity, Fig. 3. Laser ray deviation depends
on the satellite orbit height and can reach ten an-
gular seconds at small heights, which means a dis-
placement of the light spot centre over the Earth
surface by tens or hundreds of metres from the
transmitter.
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Therefore, for a successful operation of a rang-
ing system, one should aim for the reflected laser
beam energy to be concentrated at a certain distance
from the optical axis.

2. BLITS SC

Multielement RAs have a considerable tar-
get error and a non-zero signature, which inter-
feres with achieving measurement accuracy at the
sub-millimetre level. Besides, the interaction of the
Earth’s magnetic field with vortex currents induced
in the satellite metal body slows down its own ro-
tation to a complete stop, which reduces measure-
ment accuracy.

These disadvantages can be overcome by imple-
menting satellites as spherical glass lenses focus-
ing the incident plain wave on their opposite sur-
face with a reflecting coating [10]. In this case, laser
ray’s optical path inside the sphere does not depend
on the arrival angle and signal configuration as well,
as duration are not distorted.

With that end in view, PSI RPC JSC has develo-
ped and manufactured Blits-M SC (Fig. 3), which
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provides a sub-millimetre target error with zero sig-
nature and diffusion equivalent surface area of about
10% m? to obtain precise measuring data for geodet-
ic support of the GLONASS system. BLITS-M
SC is a spherical glass optical system consisting
of an inner sphere and two external meniscuses
220 mm in diameter and 17 kg in mass combined.
To improve ballistic quality and power engineering
of the satellite taking into account the height of or-
bit, it was necessary to increase its size in compa-
rison with the previous BLITS SC structure, which
came to an end in 2013 after collision with a space
debris at a height of 832 km. The greater the radi-
us of the sphere, the more the mass relative to the
cross-section area and laser radiation energy reflec-
ted by the satellite.

However, the main factors increasing the radiant
intensity towards the receiver is an optimal reduc-
tion of spherical aberration, the layer ratio of cur-
vature radius and thickness for a given wavelength,
refractive indices of the satellite glass and tempera-
ture. This allows forming a reflection indicatrix (far
field diffraction pattern (FFDP)) with a maximum
possible intensity of the reflected radiation for de-
viation angles from the optical axis within an inter-
val of 6-8" taking into account the chromatic aber-
ration phenomenon.

One of the key criteria for the choice of structure
is BLITS-M SC’s lifetime maintenance over a ten
year period.

In order to achieve this, the satellite’s structure
includes radiation-resistant glass K108 (for the ex-
ternal meniscuses) and TF105 (for the inner sphere),
and a heat-resistant structure is developed.

Generally, the satellite’s average temperature
while in an orbit is negative and is equal to approxi-
mately minus 25 °C. However, when moving along
this orbit, for every two hours of exposure to the
Sun’s radiation with various light incidence an-
gles and can appear to be into Earth shadow. The
BLITS-M SC rotation axis is perpendicular to the
orbit plane, and rotation speed is from 5 to 10 re-
volutions per minute in order that the satellite is al-
ternately directed to the laser station by the trans-
mitting and reflecting hemispheres. Aluminium
reflection coating causes considerable heating, tem-
perature drops and irregularities in temperature dis-
tribution. Therefore, one of the external meniscus-
es of the BLITS-M SC has an interference dielectric
coating.
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Fig. 3. Effect of the velocity aberration: a reflected ray
is deviated at an angle depending on the satellite speed

To achieve the target function, it was necessary
to select BLITS-M SC’s orbit height properly. Fac-
tors determining orbit choice are residual atmos-
phere influence, space debris and exposure of space
radiation (high-energy elementary particles and UV
radiation of the Sun). The higher the orbit, the more
stable it is, and the less atmospheric influence and
space debris density there is. At heights of more
than 1500 km, probability of collision with space
large debris is very low.

Conversely, space radiation increases with height
above 1500 km and with proximity to the Van Allen
radiation belts; the number of high-energy electrons
and protons capable to cause an external meniscus
degradation increases.

As a result of the performed studies, the
BLITS-M SC orbit height is selected to be optimum:
circular, near-polar and close to 1500 km. BLITS-M
SC as a payload together with SC GONETS group
is planned to be placed into orbit in 2018.

3. REFLECTION INDICATRIX
OF A CORNER REFLECTOR

If a plain wave is incident on a CR, then in the
far-field region, a diffraction pattern is formed, its
type depends on many factors: CR size, dihedral an-
gles production accuracy, on reflecting edge coating
type, etc. The ray can pass inside the CR by six dif-
ferent ways, depending on which of the six sectors
of the input edge it comes to [1-5]. Each of three
reflections is characterised by a phase difference
between orthogonal components of vector E (lin-
ear phase anisotropy). And in this case, the planes
of ray incidence on the edges do not coincide. The
incidence angle of each CR edge is equal to arctg
V2= 54°, and the angle between the edge incidence
planes is equal to a = £ 60°. To descript CR polar-
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/

Fig. 4. SC Lomonosov. (RA "Pyramid" in number of two pieces is shown in an increased scale)

ising properties, one should consider six resulting
Jones matrices for different combinations of the
ray trace, taking into account co-ordinate system
turns and phase difference J on the reflecting edges.
Each CR sector is characterised by certain ampli-
tude-phase transmission factors for E vector ortho-
gonal components. As a result of light reflection, six
coherent beams are formed. Therefore, it is neces-
sary to take into consideration their various polari-
sation states, expansion when distributing in space
and far field region interference [1-5].

The far field diffraction pattern (FFDP) of the re-
flected radiation significantly depends on the phase
difference of orthogonal components when reflect-
ing, which is determined by CR edge coating type
and has the appearance of several spots (FFDP
leaves). In that specific case, it is Airy's diffrac-
tion pattern with angular width of the central maxi-
mum between the first zeroes 2y = 2.44 -A/D, where
D is the CR aperture diameter.

Formation of a required phase difference is pro-
vided by phase difference change between ortho-
gonal components of electric vector when reflect-
ing. A coating with any phase difference can be
designed based on thin dielectric layers deposited
on the reflecting CR edges [11, 12]. The first dielec-
tric layer being adjacent to the prism surface should
have a refractive index higher than the prism ma-
terial, for example n = 2. Upon contact of the last
layer with air, total internal reflection always takes
place, so losses are ideally absent (but unlike CR
without a coating, multibeam interference leads

21

to an additional phase difference between orthogo-
nal components).

4. A RING RETROREFLECTOR ARRAY
OF LARGER CORNER REFLECTORS
WITH A TWO-LEAFED REFLECTION
INDICATRIX

In the GLONASS-K SC, a ring retroreflector ar-
ray consisting of three CR ranks with uncovered
edges is used. As it is shown in p. 3, far field dif-
fraction pattern of reflected radiation looks like one
central and six peripheral spots in case of total in-
ternal light reflection from CR edges. A special turn
of every CR in the panel plane allows obtaining
an intensity ring, which is formed by side spots
of every CR. As the RA diffraction pattern is formed
by all CRs, the photons reflected from all CRs come
to the receiver device. At inclinations, CR panels
appear to be located at different distances from the
receiver. At operation angles of radiation incidence
of 8—10°, the response signal elongates up to a value
of 600—700 ps. It means that root-mean square de-
viation (RMSD) of a single-unit range measurement
is on the average equal to 60 mm instead of the re-
quired 6—8 mm.

The problem of decreasing a single measurement
random error (RMSD) with simultaneous increase
of the reflected signal energy directed to the laser
range measuring system, can be solved due to a ring
RA consisting of two-spot CRs of an increased
size. The two-spot diffraction pattern is formed due
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to a controlled change of one of the dihedral an-
gles. Angular size of each spot depends on CR di-
mensions: the greater the CR, the higher the ener-
gy concentration in the spot. Such CR edges should
be covered with a special dielectric coating in or-
der on the one hand, to generate a necessary reflec-
tion indicatrix, and on the another hand, to reduce
its thermal distortions. An optimum far field dif-
fraction pattern is provided by choice of CR size
within (42-48) mm and of camber angle between
the reflecting edges within (2.2-2.5)". At an angu-
lar distance between side leaves equal to the angu-
lar aberration double value, one of the spots comes
to the reflected signal receiver exactly (Fig. 2). This
allows reducing energy losses, which arise if reflec-
tion indicatrix has one wide or seven narrow leaves
[1-6].

For aring RA (RRA), use of 36 CRs is required,
which are separated relative to each other by some
angle, for example by 10° so that all lines connect-
ing side leaves are directed to the RRA geometri-
cal centre. Then for a certain RRA orientation, two
CRs, which are at opposite sides of this RA, reflect
the receiver direction. In this case, RMSD of the
RA geometrical centre determination is equal to the
root of squares sum of two signal RMSD, i.e. for
initial pulse duration of 50ps, it is 18 2= 25ps ir-
respective of the incidence angle.

5. "PYRAMID"

The compact RA "Pyramid" developed in JSC
“SPC “SPIM” is a pyramidal structure of four CRs
with common vertex (Fig. 4). Its mass is only 30 g
and cross size does not exceed 40 mm.

To achieve the required energy and preci-
sion characteristics, it is necessary that an opti-
mum reflection indicatrix is provided by RA design
parameters. Presence of velocity aberration leads
to the fact that the optimum receiving direction dif-
fers from the reflection indicatrix axis and depends
on the satellite speed, i.e. on its orbit altitude. For
low-orbital satellites, velocity aberration average
value [6] is about 8". It means that the indicatrix
should be somehow expanded, for example by re-
ducing CR size. However in doing so, the aperture
decreases, and the received laser radiation energy
as a whole decreases. When increasing CR num-
ber, both effective diffusion surface, and probabi-
lity of radiation reflexion from two and more CRs
increase.
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If distances from the laser transmitter to separate
CRs in the RA are different, delayed response oc-
curs, which is leads to a target error.

The incidence angle for the all four CRs in the
SC flight zenith area is about 54 °, CR aperture de-
creases and has an oval configuration. As a result,
diffuse effective surface for the radiation reflected
from CRs is minimal and does not exceed several
thousand square metres. In the event the satellite’s
location is slightly higher than visible horizon line
at B = 27°, this surface area is from 42000 to 10000
m?2. At the same time, the distance to the satellite
is minimal just in zenith area and maximal, when
the satellite is located slightly higher than visible
horizon line. As photoelectron number recorded
by photodetectors of the ground quantum-and-opti-
cal system is proportional to the fourth degree of the
distance to the satellite, an increase of CR aperture
when reducing SC inclination angle, compensates
for the increase in distance. As a result, the photo-
electron number is maximal within zenith observa-
tion angle area 0,¢, = 40 °.

Zenith area range measurement maximum er-
ror arises when radiation is incident simultaneous-
ly on several CRs due to the different optical length
of the ray within the two CRs. Minimum target er-
rors take place in case, when radiation is incident
on two CRs but optical lengths of the ray path in-
side them are identical. The measurement error as
a whole when measuring range to SC with RA "Pyr-
amid" does not exceed 0.5 mm.

Two compact RA "Pyramid" manufactured at
SPP RPC JSC were placed onboard of Lomonosov
SC (Fig. 4). The satellite was launched into a so-
lar-synchronous orbit of 500 km height in April,
2016 with a scientific equipment of the Moscow
State University of M.V. Lomonosov to study phe-
nomena in upper atmosphere.

Each RA is a pyramid consisting of four corner
reflectors with common vertex and is capable to re-
flect laser pulses from the whole lower hemisphere.
One RA is placed on the satellite body, and another
is on an extension rod at a distance about 2 m. The
measurements performed in a single-electron mode
allowed observing two tracks at a distance depen-
ding on the satellite orientation relative to the laser
station at the observation moment.

Despite the small size, RAs provided a sufficient
area of the diffuse equivalent surface. According
to the evaluation (comparative measurements were
made using Stella and Lageos satellites), the surface
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was equal to 0.2-0.5 million m?. The space experi-
ment results allow recommending this system to be
installed at low-orbit spacecrafts in order to deter-
mine their orientation and to perform any addition-
al monitoring deployment of the spacecraft compo-
nents in space.

CONCLUSION

Space RAs are an important onboard segment
of the optical-laser facilities necessary for space
geodesy, geodynamics and navigation, includ-
ing the study of gravitation Earth field, influence
of non-gravitation forces on the spacecraft (SC) or-
bit stability and other scientific purposes.
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ABSTRACT

A new approach to the formulation of an illumi-
nation quality criterion based on an analysis of spa-
tial-angular luminance distribution and of the pro-
perties of human sight is considered in this article.
As part of the research, an experimental installa-
tion was developed to determine comfort and dis-
comfort areas, which are inseparable from an as-
sessment of illumination quality. A method for
computer simulation of spatial-angular luminance
distribution, based on local evaluations Monte-Car-
lo method is shown, which in future can facilitate
moving from a preset illuminance distribution simu-
lation to a preset quality simulation.

Keywords: local evaluations of Monte-Carlo
method, spatial-angular luminance distribution, dis-
comfort, illumination quality criterion

1. INTRODUCTION

The development of computer facilities and
mathematical simulation methods has performed
a real revolution in design of illumination installa-
tions (II). At the end turn of the twenty-first centu-
ry, exhausting engineering calculations gave way
to II computer simulation. These made it possible
not only to design according to preset normalised
quantitative data, but also to see a “photorealistic”
picture of an installation, which was not yet in ex-
istence. On the whole, II design to match preset
quantitative characteristics has been achieved in to-
day’s illumination practice, but designing to preset
quality characteristics is and idea not as developed
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for today’s lighting community. Besides, current-
ly formulated quality characteristics have some
key disadvantages. In a real engineering practice,
a quality indicator is only expressed when calcula-
ting an integrated discomfort index UGR. If at the
beginning of II simulation methods and software
development, such a situation was natural, with the
emergence of new methods [1] of the global illumi-
nation equation (GIE) simulation [2], totally new
opportunities arise, not just for illuminance distri-
bution calculation in a diffuse approximation but
for the calculation of spatial-angular luminance
distribution.

This allows to once again raise the question of an
illumination quality index and of II design accor-
ding to preset quality indices.

2. SIMULATION OF SPATIAL-ANGULAR
LUMINANCE DISTRIBUTION USING
LOCAL EVALUATIONS OF MONTE-
CARLO METHOD

Modern lighting practice and normalized stan-
dards have grown out of the possibility to simulate
illuminance taking into account multiple reflections,
and out of the possibility to simulate luminance for
direct light only without accounting for reflections.
Based on this assumption, only in external illumina-
tion, and in particular in architectural and road illu-
mination, the luminance characteristic as perceived
by the human eye is normalised. One should no-
tice that the DIALuUx and Relux programs general-
ly used for II design, simulate illuminance distribu-
tion in the diffuse approximation.
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With such an approach, the finite elements me-
thod simulates the luminous emittance equation [9],
which is a GIE consequence [2] in the diffuse
approximation.

GIE is an integral equation of the second kind

L(r,1) = Ly (r, D)+

L j L(r,i')o-(r;i,i’)‘(N,i’)‘di', W
T

where L(r,i) is luminance in r point in direction i,
O'(r;i,i') is bidirectional reflection function (reflec-
tion or transmission), L is direct luminance compo-
nent, directly from sources, N is normal in r point
to a scene surface element.

It should be noted that at present, a new soft-
ware product DIALuUx Evo, the cornerstone of which
is the GIE simulation based on photon cards [10],
and this fact allows simulating spatial-angular lu-
minance distribution. However DIALUX Evo has not
found its level in engineering practice yet.

Within this article, we propose to apply local
evaluations of the Monte-Carlo method for GIE cal-
culation. The local evaluations method traces its
roots to atomic physics [11] and continues its deve-
lopment in optics of the atmosphere and ocean [12].
GIE can be written down as a space integral and ex-
panded into Neumann series, every term of which
can be represented as a certain multiple space inte-
gral. Each term of the latter can be approximately
presented as a random node quadrature, i.e. Mon-
te-Carlo method.

After some transformations, the obtained expan-
sion can be written down as follows [1]:

L(r,1) = Ly(r,)+
1 Ly(r;. 1) o(r;1,, DG(r,,r) .\
7 P (L) py(ry,l; > D)

1 N

)
+L Lo (1 ’in) o(ry, ;ili 5i2i)G(rli i) y
n’ Pi(ri, 1) Pr(rly > 1y,1y)

Xo'(r;izpi)G(rZi’r) ~|—]5

P, (1,1 = 1,1)
where pl(r“,i“), pz(rn»in —r,1) are initial and
transitional probability densities determining posi-
tion of random nodes [12].

)
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Fig. 1. Example of visualization of the space-angular lu-
minance distribution by local estimates of the Monte Carlo
method for the Cornell Boxes reference scene

As p, (r“,i“ - r,i) is only determined by two
sequential random nodes, the expression can be in-
terpreted as a Markov's chain. As a result of creat-
ing the Markov's chain, the transition nucleus for
studied points r,1 at each chain stage can be esti-
mated. Accumulating the statistics will directly ob-
tain the luminance at preset points along the pre-
set directions [1]. Such an evaluation can be called
a local evaluation similarly to evaluations in atmos-
pheric optics [12].

Let us formulate an algorithm of the local eva-
luation. In the first stage, the studied points and di-
rections r,i in a scene are recorded. Then a light
source is randomly selected and an arbitrary direc-
tion of the ray output from the source is determined.
Source sampling with a probability proportional
to its luminous flux, and the choice of direction ac-
cording to the source of luminance distribution, or
to the luminous intensity curve will be most effec-
tive. After this, the obtained ray is traced until cross-
ing with an object. Further, for each of the studied
points, the GIE nucleus is calculated and the statis-
tics collected. After the statistics have been accu-
mulated, averaged and normalised, we directly ob-
tain luminance in the preset points along the preset
directions. And in this method, a diffuse-directed
reflection model can be used, for example, Phong’s
model [13].

For the first time, an algorithm similar to the lo-
cal evaluations, was formulated in [14] as applied
to visualisation in computer graphics within a phe-
nomenological approach and was named Instant
Radiosity. The absence of a strict mathematical ar-
gumentation for the computer graphics algorithm
is not a disadvantage in most cases as the main ob-
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jective of this is a “photorealistic” visualization but
not exact luminance values. As to the light engi-
neering component, the situation different: it is im-
portant here to have unbiased values of luminance
for its analysis. The algorithm proposed in [14] was
earlier considered in [11], and its mathematical ar-
gumentation is given in [1]. Fig. 1 shows an exam-
ple of luminance distribution calculation in the Cor-
nell Boxes master scene.

Thus, local evaluations allow simulating di-
rect luminance in a preset point and along a preset
direction.

Knowing luminance distribution at each point
of the illumination scene, one can calculate any
characteristic of the light field. Most interesting
is the calculation of a value characterising illumi-
nation quality according to a preset level of visual
work, and corresponding to the ideas of light de-
sign for scene illumination. Deriving such
a criterion would allow computerising the optimi-
sation of the lighting installation calculation. Even
better if the program prompts a set of optimum illu-
mination versions giving the designer a final choice
of the light environment in the scene.

2. CRITERION OF ILLUMINATION
QUALITY

The results of our research allow distinguishing
between several factors influencing visual discom-
fort, and hence illumination quality as a whole:

* spatial-angular luminance distribution;

* visual adaptation;

» spectral composition of the light source
radiation;

* exposition time.

It follows from the experiments that the first two
factors have the most significant impact, where-
as influence of the spectral composition of the light
source radiation and of the exposition time require
separate research.

There is no definition of illumination quality
in the modern edition of the Dictionary of the Inter-
national Illumination Commission. Therefore, we
propose our own: illumination can be considered
high quality, if it increases visual working capacity
of a person and does not interfere with compliting
the tasks set within an illumination scene.

Current quantitative illumination characteristics
are as a rule normalised as one digit. In an ideal sce-
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nario, quality characteristics should be also normal-
ised as separate digits.

An objective was set for this research project:
to formulate illumination quality evaluation as one
integral value for an arbitrary illumination scene
with a known luminance distribution for each point
in space in each direction.

Discomfort is influenced by the relation of the
source luminance to the background luminance [6],
i.e. by contrast. And there is a contrast threshold,
after which a feeling of discomfort appears. In our
opinion, it is exactly the relationship of the contrast
to the threshold exactly can serve as a criterion of il-
lumination quality. In the event of continuous a spa-
tial-angular luminance distribution over the illumi-
nation scene, a natural contrast generalisation is the
relation of the luminance distribution gradient over
the observation field to an average luminance over
the luminance field. With an increase of the gra-
dient, a boundary between the glare source and
the background becomes more circumscribed, and
illumination quality decreases respectively. Fur-
ther, it can be assumed that a change in luminance
direction does not influence illumination quality,
and therefore we take into consideration an abso-
lute gradient value. Having selected a space point
within the scene (room) and an observation direc-
tion, one can determine generalised contrast in the
scene point:

K(X.y) = |grad|__(x, y)|

_ (3)
L=— [ Louy)p(x yyixdy, A= [ dxay,
A
(A (A)

where X,y are co-ordinates of a point on the scene
projection, L is luminance in the point of the obser-
vation direction, L is average luminance over the
vision field, p(X, y) is a weight function accounting
for various contributions to the eye’s reaction of the
points located in the middle of the visual field and
on the periphery, because the density of cones
is greatest at the visual axis [7].

Coordinates X, y in a synthesised image are di-
rectly connected with the sighting direction 1 for
spatial-angular luminance distribution L(r,I) from
when assigning a sighting point of the scene, or
a specific point in light design, which is the same, as
well as the camera focus of the scene visualization.
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Fig. 2. Example of setting the weight coefficient p for
different fields of view

In this regard, A can be interpreted as a visuali-
sation frame area, or as solid angle of the camera’s
visual field.

The distribution of cones over the retina can be
considered proportional to 1/62, where @ is the an-
gle of sight [8]. Respectively, the added function p
should be proportional to this value, or can be pre-
set in a tabular way, for example as shown in Fig. 2.

As Q, the criterion of illumination quality, we
use generalised contrast K(x, y) weight-averaged
over the field (equation):

1

Q= AKer

[ KOy yydxay, 4)

where Ky, is the threshold contrast value.

It should be noted that in most practical light-
ing tasks, we are concerned with illumination not
of the whole scene but only of some of its parts.
So in indoor illumination, operation surfaces illu-
minance is normalized, but not illuminance of pas-
sages. When illuminating a sports ground, primari-
ly its playing field should be illuminated. Moreover,
designers often form areas of accenting illumina-
tion to create some light thythm in the illumina-
tion of the scene. Thus one more additional weight
coefficient h (0 <h (x, y) < 1), should be introduced.
This coefficient takes into consideration lighting
tasks, and it is equal to 1 in the working area and
to 0 for points insignificant for illumination quality.
Selection of coefficient h (X, y) values corresponds
to algorithms of fuzzy logics [15]. An example of h
(%, y) coefficient set is briefly shown in Fig. 3.

Hence, expression for the quality criterion calcu-
lation will be as follows:
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1

Q =
AKthr

[KOGy PGy, yydxdy. ()

The obtained expression can be used for the eva-
luation of illumination quality by one digit, if the
evaluation is carried out by means of the software,
when luminance distribution for all scene points
is known in any direction.

It should be noted that the quality criterion un-
doubtedly needs an experimental calibration test,
however in our opinion, there is no necessity of its
ultraprecise determination: first, visual percep-
tion dispersion reaches scores of percents, and sec-
ondly, this criterion is only necessary for optimizing
the choice of the illumination design model giving
a final decision the light designer.

3. EXPERIMENTAL DETERMINATION
OF DISCOMFORT LUMINANCE

AT THE COMFORT — DISCOMFORT
BOUNDARY

[llumination quality characteristics are directly
connected with the observer determining feelings
of comfort or discomfort. And the observer’s evalu-
ation is subjective and can change from one observ-
er to another in a very wide range. It is common-
ly supposed that discomfort glare is an unpleasant
sensation in case of non-uniform luminance dis-
tribution or high level luminance in the visual fild
L(r, i). The glare phenomenon makes difficult read-
ing indications of devices. It degrades visibility
of the observed objects and causes a premature fa-
tigue of the visual analyzer. In this respect, the add-
ed criterion Q allows estimating illumination dis-
comfort in a scene from a stable scenery spot but
discomfort determination requires a study of Ky, —
characteristics of the human eyes threshold.

As part of this research, at the Light and Engi-
neering Chair of the Moscow Power Institute NRU,
a study was conducted to estimate the discomfort
sensation caused by a glare source in the observer’s
field of vision. Luckiesh and Guth’s experiment [3]
from 1949 on finding a boundary value of the dis-
comfort glare was used as a basis for this experi-
ment,. During the experiment, dependences of this
parameter on the main factors were revealed.

Within Luckiesh and Guth’s experiment, an ex-
panded visual field of uniform luminance was si-
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Fig. 3. Example of determining the weight coefficient h, taking into account the lighting task

mulated using two-thirds of an 80-inch (2 m) pho-
tometric sphere with a lamp located near its centre
to provide a uniform illuminance field. Light sour-
ces were located behind round openings in the
sphere surface. These openings were provided for
sources of a bright light. The observer was located
on a chair, so that his head was exactly in the cen-
tre of the sphere.

An evaluation of the glare sensation was made at
a short-term emergence of the source in the observ-
er’s field of vision under the condition of a uniform
background luminance distribution. Background
luminance was considered to be equal to adapta-
tion luminance. The experiment included cycles
of three one-second “switched on” periods with in-
tervals equal to 1 between them with a subsequent
five-second pause between the cycles. The observ-
ers themselves determined the number of expe-
riment cycles sufficient for a luminance evalua-
tion in the visual field at the border between comfort
and discomfort (BCD).

In total, fifty observers took part in the experi-
ment. They adjusted the initial luminance to deter-
mine their own BCD criterion.

In order to determine the discomfort glare bound-
ary value and its dependences on the main factors,
Luckiesh and Guth performed one more series
of experiments. In this series, background lumi-
nance values (1, 10 and 100 foot lambert (1 foot
lambert = 10.764 1x)), angular size of the light
source (in an interval from 0.0001 to 0.126 sr), and
light source position were changed (in an interval
from 0 to 100° relative to the vision line along ver-
tical, horizontal, and diagonal). Only ten observ-
ers participated in these experiments. The depen-
dence of BCD luminance dependence, location and
number of glare sources in the observer field of vi-
sion was also determined.
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According to the results of the Luckiesh and
Guth experiment, the BCD luminance value was
equal to 3103 cd/m?, if adaptation luminance was —
31.4cd/m?, and the light source diameter was equal
to 3.76 cm. The light source was placed on the ob-
servers’ vision line at a distance of 1 m from the ob-
server. Fig. 4 shows BCD luminance value distribu-
tion depending on the observer number.

With pressing concerns for energy saving and
energy efficiency, light emitting diodes and light-
ing devices based on LEDs become the main sour-
ces of light. Light emitting diode (LED) illumina-
tion is applied everywhere, and discomfort from
glare of small size light sources is a topical prob-
lem [4].

Besides, the small size and various optical cha-
racteristics of LEDs and LED matrices allow simu-
lating glare light sources of any size and configura-
tion using imitation of light spots on a desktop, or
blinding headlights of an oncoming vehicle.

For more advanced and modern studies of BCD
luminance, an experimental installation was develo-
ped at the Lighting Engineering Chair of the Mos-

Number of observers, piece

Di
'scomfort luminance, cd/m?

Fig, 4. Distribution of brightness values of the GCD (“stan-
dard BCD brightness”).
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Fig. 5. Experimental installation

cow Power Institute. As the base of the installation,
a metal sheet painted with white powder paint was
used. On this sheet, plates on which cards of LED’s
various location were mounted. At the sheet centre,
a round card with three LEDs of 0.3 W was placed.
Around them, larger rectangular cards imitating
glare light sources were mounted. Chromatic tem-
perature of the installed LEDs was equal to 5000
K. Switching on the cards in various modes was
performed from a control unit, by means of which
light source luminous fluxes could be adjusted. The
experimental installation was located at a height
of 0.75 m from the floor, so that the central card was
at the observer’s eyes level. The experimental in-
stallation is shown in Fig. 5.

In process of developing and improving the ex-
perimental technique, a need to instal an opaque
cloth for a greater light diffusion was revealed.
In order to change the chromaticity towards a lower
chromatic temperature, the LEE Filters 204 full C.T
ORANGE filter was installed. And to simulate one
light source of 3.76 cm diameter, a diffusion light
filter was applied. General illumination and respec-
tively, background luminance indoors, was creat-
ed using six controlled built-in LED luminaires.
The installation was controlled by means of tog-
gle-switches, and for each light source (composite or
single-unit) its own switch was provided for. Cali-
bration of the experimental installation was made
using luminance metre Konika Minolta LS-110.

To develop the discomfort scale, five main Hop-
kinson’s criteria were used [5]: noticeable, accept-
able, uncomfortable, inconveniently and intolerable.
In the process of training the sensation determina-
tion technique, it was revealed that the interpreta-
tion for the participants was unevident, and some
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criteria were determined as an interval of luminance
values.

Therefore, after researching various scales, se-
lection of optimum easily understood definitions
of each criterion, together with carrying out visual
work during the experiment, the following scale
of discomfort was selected: hardly noticeable; in-
differently; acceptable; uncomfortable; inconven-
iently; insufferably.

Luminance of the glare source was first adjust-
ed by the protocol administrator, then by the par-
ticipant using a built-in light controller. The exper-
iment’s results showed that when participants were
adjusting luminance there was less data scatter-
ing in comparison with the adjustment made by the
administrator.

As it is not possible to adjust general illumina-
tion in the classroom from 0 to 100 %, during the
experiment background luminance (adaptation lu-
minance) was equal to 75 cd/m?. The observer was
placed on a chair in front of the installation at a dis-
tance of 1 m from it. In total, 63 answers for each
criterion were obtained. Looking at the experiment
results, the discomfort luminance value of 3350 cd/
m? was obtained, which was different from the va-
lue obtained by Luckiesh and Guth by 300 cd/m?
upward.

Such a difference in BCD luminance values
was obtained due to some engineering limitations,
because of which it was impossible to reproduce
completely the Luckiesh and Guth’s experiment
conditions in the experimental environment of the
existing installation. The main reasons of the diffe-
rence in results are as follows:

* Background luminance in the MEI installa-
tion was almost twice as high as that declared in the
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Luckiesh and Guth’s experiment: 75 and 34 cd/m?
respectively;

* The assumed chromatic temperature of the
thermal light sources used in the Luckiesh and
Guth’s experiment (2700-3000 K) considerably dif-
fers from chromatic temperature of the LEDs used
in the MEI installation (5000 K);

* In Luckiesh and Guth’s installation, one test
light source was used, and in the MEI installation,
light sources of different sizes were formed using
single-unit LED of various arrangements.

Based on the performed experiment, we have
managed to determine that radiation chromatici-
ty influences the BCD luminance value. BCD lu-
minance also depends on a number and configu-
ration of glare light sources in the observer’s field
of vision. During the primary experiment, only
three LEDs were merged into one (light source di-
ameter = 3.76 cm) at high luminance values corre-
sponding to painful (“intolerable™) sensations, and
when BCD luminance determining, they could not
been perceived by the eye as a source equivalent
to one light source of a bigger diameter.

After the experimental installation was upgraded
in response to the results of the initial study, all BCD
dependences qualitatively coincided with the Luck-
iesh and Guth’s, which confirms that the developed
technique was correct. In our opinion, a numerical
coincidence cannot be achieved: as it follows from
the description of measured results, to achieve this it
would have been necessary to completely reproduce
their installation, but there were no need to do this.

The original study carried out all measurements
using an incandescent lamp, whereas this experi-
ment used much more modern and current LED
sources.

CONCLUSION

Through this research, a new integrated ap-
proach to the study and determination of a new
illumination quality criterion is proposed, which
is based on the spatial-angular luminance distribu-
tion. A transition from designing according to a pre-
set illuminance distribution, to designing accor-
ding to a preset quality is already an obvious trend.
This transition has become possible due to the de-
velopment of the computer facilities and mathe-
matical methods of GIE simulation. As a result,
it is impossible to formulate a new quality crite-
rion without experimental research because of the
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lack of a physically appropriate model of luminance
perception by the human eye.

As a result of this study, an algorithm of lumi-
nance spatial-angular distribution calculation was
proposed and implemented, taking into account
multiple specular reflections, which is essen-
tial when determining discomfort in an illumina-
tion scene. An experimental installation for stud-
ying discomfort was created and the experiments
performed by Luckiesh and Guth were replicated.

The proposed approach for the formula-
tion of a quality criterion based on an integral
evaluation of spatial-angular luminance distribu-
tion is a good starting point to develop a program
package of II design according to a preset illumina-
tion quality.
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ABSTRACT

A review of up-to-date LED drivers and dis-
charge lamps control gears is presented. Oppor-
tunities for further development are character-
ised. Circuit solutions are classified, and examples
of principal diagrams are provided.
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1. DISCHARGE LAMPS CONTROL
GEARS

Depending on components, the control gears
for discharge lamps may be electromagnetic or
electronic.

1.1. Electromagnetic control gears (ballasts)

The control gears combine chokes, transformers,
and capacitors. The current here is close to sinusoi-
dal and alternates at the power line frequency of 50
or 60 Hertz. Electromagnetic ballasts are simple, in-
expensive, manufactured for decades, and hence are
highly durable.

A unified diagram of the control gear is present-
ed in Fig.1. It comprises a coil ballast L (to stabilize
lamp current), compensating capacitor C (to com-
pensate reactive power), and ignitor (starter for
fluorescent lamps, pulse-igniter for high-pressure
gas-discharge lamps (mercury, sodium, metal-hal-
ide, etc.).
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Average data for ballasts of various lamp types
are given in Tables 1-3 in [1].

Due to its simplicity, durability, and low cost,
this wiring diagram has been used to operate dis-
charge lamps in alternate current (AC) supply lines
for more than sixty years. But over the last 10—
15 years electronic ballasts have provided strong
competition.

Electronic ballasts

Although they are simple, durable, and low cost,
electromagnetic ballasts have some disadvantag-
es: significant weight, dimensions, power losses, as
well as limited functional abilities that do not allow
a light source to fit optimally with its power supply,
thus making some operating and switching modes
impossible. As a result, discharge lamps flicker too
much (since phosphor radiation and gas discharge
have low inertia, the instant luminous flux close-
ly follows the half sine wave of an instant power
of a lamp at 50 Hz frequency). Furthermore, there
are problems associated with eliminating audible
noise and regulating lamp current. The sinusoi-
dal current alternating at 50 Hz frequency provi-
ded by magnetic ballast is not optimal for obtain-
ing high values of luminous efficiency and service
time. The supply of a discharge lamp by a current
with rectangular shape or of higher frequency (>20
KHz) provided by an electronic ballast almost com-
pletely eliminates output pulsation and increases
lamp service time. In the case of fluorescent lamps,
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Fluorescent lamps,

S
Network C % high-pressure gas-di_scharge
) lamps (mercury, sodium,
- .
metal-halide, etc.) - LL/HPGDL
Electromagnetic control gear
Fig. 1. Generalised scheme of electromagnetic control gears
Rectified Constant
50 Hz 50 Hz voltage voltage
1 2 3 5 6
Network

Fig. 2. Structural scheme of high-frequency electronic ballasts: 1 — radio-interference filter, 2 — rectifier,
3 — power factor corrector, 4 — control unit, 5 — inverter, 6 — output unit

Rectified

50 Hz 50 Hz voltage

Network

Constant
voltage

Stabilized
constant current 50-200 Hz

Fig. 3. Structural scheme of low-frequency gears with a rectangular shape of output voltage: 1 — radio-interference filter,
2 —rectifier, 3 — power factor corrector, 4 — control unit, 5 — current stabiliser, 6 — inverter, 7 — igniter

electronic ballast increases lamp output (efficiency)
by 10-25 %.

Structural diagrams of electronic ballasts are
provided in Figs. 2 and 3.

* The diagram in Fig.2 is designed mostly
to feed the fluorescent lamps by high-frequency cur-
rent (higher than 20 kHz). It is rarely used in HID
circuits, because of the problems related to acous-
tic resonance. The scheme contains the following
main parts.

Radio-interference filters (the [1-shape or dou-
ble I1-shape filters consisting of chokes and capac-
itors) are used to suppress high-frequency noise
made by electronic ballast in the mains;
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Rectifier unit: this is used when the ballast ope-
rates with an AC power supply.

Power factor corrector: this is used in case
of AC power supply. It provides the shape of an in-
put current being close to sinusoidal, raises the pow-
er factor to nearly 1, and decreases harmonic dis-
tortions of input current. The active power factor
correcting units, namely transistor pulse regulators
based on voltage increasing or decreasing convert-
ers (Figs. 4a and 4b), are the most promising. Both
schemes of correctors contain transistors 7, diodes
VD, chokes L, capacitors C and controlling integral
chips (IMC) located in the control unit 4. In addi-
tion to correcting power factor and shaping sinusoi-
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circuit
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Network Inverter's
input T c
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Fig. 4. Schemes of active power factor corrector based on
decreasing (@) or increasing (b) pulse regulators

Control
unit

Control
unit

T

a) b)

Fig. 5. Connections between LEDs and drivers

dal input current the above-mentioned schemes may
stabilise and regulate a rectified line voltage.

Invertor: this is designed to invert constant vol-
tage into alternate voltage with a frequency higher
than 20 kHz (exceeding audible range). It compri-
ses transistors operating in half-bridge or bridge
circuits.

Control unit: usually comprises a chip that con-
trols the transistors in both power factor corrector
and inverter modes.

Output unit: adjusts output characteristics of an
inverter with starting and operating characteristics
of a discharge lamp. As a rule, the output unit com-
prises resonance LC-circuit where a choke is con-
nected serially while a capacitor — in parallel with
a lamp. In switching mode the scheme provides
a start of a lamp, and in running mode — stabilisa-
tion of lamp current.

The wiring diagram shown in Fig.3 is common-
ly used in electronic ballasts for metal-halide and
high-pressure sodium lamps. Acoustic resonance
problem are overcome here by operating at fre-
quencies “free” from that effect, namely at 50-200
Hz, that is at low frequencies. Besides, for line-
arisation of dynamic current-voltage characteris-
tic of a discharge lamp a rectangular shape current
is applied. In contrast to the high-frequency scheme
(Fig.2) the low-frequency scheme (Fig.3) has an
additional block — current stabilizer made by the
scheme of a high-frequency pulse regulator, while
the inverter serves to change polarity of lamp cur-
rent periodically (at frequency of 50-200 Hz) so
that electrodes could operate symmetrically and cat-
aphoresis is prevented. In several cases the inverter
performs the ignition function for a discharge lamp,
hence a separate igniter is not required.

2. LED DRIVERS

Since the rated power of a single LED is low,
light-emitting diodes are usually grouped and then

Control units

for LEDs

Electromagnetic |

Electronic secondary based
power supplies

Without galvanic input
and output

| With galvanic input |

Linear

Inductive- |
capacitive

and output
et | [ St | [ oo |
| Fly-through | | Half-bridge |
| Direct-flow | | Bridge |

Increasing-
lowering

Fig. 6. Classification of LED drivers
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Fig. 7. Inductive scheme of connecting light-emitting diodes:
B — ballast, R — rectifier, C — compensating capacitor

]
B1

Network LED1

o1
L2 0,1+0,2
B2

Lep2 %2

Ky=28%

20 ms

Fig. 8. Split phase scheme

connected to a driver. Options for connections are
shown in Fig.5.

In the case shown in Fig.5a the LEDs are con-
nected in series and a common current is running
through them. A driver here shall have the features
of a source of current. In specific cases, in order
to eliminate extinction of a whole group when a sin-
gle LED fails, the LEDs may be bypassed with re-
lays (not shown in Figure) that complete the circuit
when LED fails. For instance, ON Semiconductor
active shunts may be used for this purpose [2].

In the case shown in Fig.5a several serial groups
of LEDs are connected in parallel to the output
of a driver. The driver here may be both the current
source and the voltage source, but to balance cur-
rent values in parallel circuits one shall use current
limiting elements 7. Up to 20 mA, resistors are be-
ing used for this purpose. Under higher currents it
is reasonable to use linear current stabilizers (see
below).

2.1. Classification of drivers
Classification of LED drivers is shown in Fig.6.
2.1.1. Electromagnetic drivers

In applications where luminous flux stability and
flicker limitation are less of an issue, as well as the
driver’s weight, and where the major requirements
are low price and high reliability — electromagnet-
ic drivers may be used [3]. In addition to simplicity,
low cost, reliability, and ability to operate under low
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temperatures (down to —60 °C) these drivers are en-
vironmentally friendly, since they can be totally re-
cycled (remelted). In fact, electromagnetic drivers
are just “the store of copper and steel placed at the
ceiling”, while electronic drivers end up as rubbish
that cannot be recycled.

An additional advantage of electromagnetic dri-
vers is their technological succession with respect
to choke ballasts for discharge lamps which are un-
derpinned by a developed manufacturing baseline.

Electromagnetic drivers are produced in two
configurations — inductive (Fig.7) and inductive-ca-
pacitive with split phase (Fig.8).

Inductive scheme provides high power factor
(>0.9), but at the same time — high flickering of lu-
minous flux (flicker factor K, = 100 %). To reduce
pulsation, the split phase scheme is used, which
operates two groups of LEDs (Fig.8).

It should be noted that the optimal performance
for both schemes can be reached under m = 0.67,
where m is the ratio between the voltage on the
LEDs chain to the mains voltage. Under this condi-
tion the power transfer from the mains to the elec-
tric load reaches its maximum and output pulsa-
tion in the latter scheme is minimal (25-30 %),
while the stability factor is at an acceptable level
(1,5-1,75).

2.1.2. Electronic drivers
Electronic drivers are much more widely used

in operating LEDs. In fact, they represent secon-
dary power supply sources (in accordance with the
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Fig. 9. Linear regulator BCR321U

definition accepted in converter engineering, this
is a device designed to transform the electrical input
of alternate or constant voltage into a power supply
with requested features as an output) for operating
such a specific load as LEDs.

Electronic drivers need to have functional capa-
bilities that enable transforming power and provide
optimal conditions to run and/or regulate LEDs, as
well as to meet EMC (electro-magnetic compati-
bility) with the mains and other requirements of an
end user.

Wiring diagrams of electronic drivers look
very much like those for secondary power supply
sources; in this way the design if the drivers re-
flects the achievements of contemporary converter
engineering.

The most common wiring diagrams of LED
electronic drivers are as follows (Fig.6).

2.1.2.1. Devices without galvanic isolation

Linear regulators are the simplest kind of elec-
tronic drivers that comprise only three elements:
transistor, resistive sensor, and a source of threshold
voltage. The transistor operates in an active mode
and serves as a variable current-limiting resistor. It
is reasonable to use linear regulators for current lim-
iting elements 7 in LED circuits connected in par-
allel to the output of power supply source (Fig. 5,
b). In this case, in addition to aligning of current
levels in parallel circuits, they play two more im-
portant roles: increase dynamic resistance of LED
circuits (i.e. enabling a significant decrease in the
requirements to the flickering of driver output vol-
tage), and also make it possible to provide pulse-
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width regulation of a current in LEDs when a rele-
vant digital input signal is applied. Such stabilisers
are designed especially for LED circuits and manu-
factured in series.

For instance, Infineon company produces linear
regulators under name of «BCR» for currents rang-
ing from 10 mA to 2 A (with external transistor)
and voltage up to 40 V. Fig. 9 shows the view of the
product and its wiring diagram. The main features
of this regulator are as follows: current — up to 250
mA, voltage —up to 24 V, maximal dissipating pow-
er — 1 W, housing SC74 with 6 pins, pulse-width re-
gulation when a digital signal from outer controller
is applied to the input 1.

Pulse regulators are built on a single transis-
tor key. They are cheap, compact, and used mainly
in retrofit LED lamps with a screw base.

The scheme of the most widely spread pro-
duct of that kind (operating as a decreasing regu-
lator) is given in Fig. 10. The scheme comprises
radio-interference filter, rectifier, passive diode-ca-
pacitor corrector of power factor, and pulse lower-
ing power regulator. The latter is built on the base
of highly efficient and not expensive pulse width
modulation (PWM) controller Supertex HV9910
(or HV9961), which is able to work under a vol-
tage range from 8 V to 450 V. Brightness constancy
of LEDs is provided by a stabilised output current
either by its peak (HV9910) or average (HV9961)
value. The direct output current has a saw tooth
high-frequency flicker (20-100 kHz), the range
of which is controlled by a choke L2 and usually ta-
ken as 20—40 %. If required, the flickering can be
reduced to several percent by connecting a capaci-
tor in parallel to LEDs chain.
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LED

Fig. 10. Standard scheme of pulse decreasing regulators

Input

Output

Fig. 11. Electronic ballast on reverse voltage converter

Other chips, e.g. IRS2540 (International Rec-
tifier), may be used as PWM controllers in that
scheme. And active power factor corrector may be
applied to provide a high power factor and a low
value of harmonic distortion of a current consumed
from the mains.

Electronic drivers based on pulse regulators
are widely applied with a load up to several dozen
Watts in condition that the galvanic separation be-
tween their input and output is not needed. In the
opposite case, when galvanic separation is needed,
other drivers are used, i.e. based on 1- or 2-stroke
voltage converters (Fig.5).

2.1.2.2. Electronic drivers with galvanic
separation between input and output

A distinctive feature of such drivers is the usage
of transformers that provide galvanic separation be-
tween input and output.

One-stroke schemes are applied for powers up
to 80W (NXP Semiconductors allows to use this
kind of apparatus for powers up to 250W), and two-
stroke schemes (half-bridge and bridge) shall be
used for higher powers.
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A device based on a reverse-stroke voltage con-
verter, the scheme for which is shown in Fig.11
[4], is the most common product of this kind. Its
scheme comprises radio interference filter, rec-
tifier, and return-stroke voltage converter driven
by a power factor controller IC1. This low cost
8-pin chip (TDA4853 produced by Infineon) per-
forms two important functions: first, it provides
a high power factor and a low level of harmonic
distortions of input current; second, depending
on the type of feedback (either by voltage or load
current), any output characteristic can be provi-
ded, thus a driver can be both a current source or
voltage supply. To perform the second function,
additional elements, i.e. current-voltage regula-
tor 1C3 (TLE4305 chip produced by Infineon) and
a decoupling optical transistor 1C2, shall be intro-
duced in the scheme. A signal proportional to input
voltage is being delivered to the input of regulator
IC3 from a voltage divider R19-R20, while a signal
proportional to output current is taken from a resis-
tive current sensor R24. The device serves as a vol-
tage stabilizer when a load is connected to its out-
put terminals 1 and 3, and as a current stabiliser
when connected to terminals 1 and 2.
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Table 1. Power losses in ballasts for fluorescent lamps
Power losses, W, with lamp power
Ballast class
18 W 36 W 58 W

D 12 10 14

C 10 9 12

B2 8 7 9

B1 6 6 8

Table 2. HID ballasts parameters
Dimensions, mm :
Lamp power, Power losses, Power factor weight,
w w L B H kg
70 14,2 0,39
111 1,5
100 16 0,43 66 53
150 19,5 133 2
0,42
250 28 3,15
135 85 70
400 29 0,5 3,18
Output

Voltage from the output
of the network rectifier
bridge

Fig. 12. One-stroke device scheme with regulation on the primary side

The device is attractive due to its relative sim-
plicity and low cost, since it contains only one pow-
er switch VT1 and one coil element 71 (as well as
the radio-interference filter coil) which performs
a function of a cumulative throttle and transformer.
Many other companies use the same scheme to pro-
duce drivers, only chips may differ. For instance,
Texas Instruments applied UCC28810 chip as
a power factor controller, while ST Microelectron-
ics — L6562A/AT, ON Semiconductor — NCL30000,
and NXP Semiconductors — SSL1750.

The drivers of this group are being constantly
improved. As an example, Fairchild company re-
leased controller FL7733A several years ago which
manages operation of a reverse-stroke voltage
to a converter by using feedback signal taken from
the primary side of the scheme. The driver scheme
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became simple and low cost when previously used
optrones, which transmitted information about cur-
rent and voltage by taking signals from sensors
on the secondary part of the scheme (Fig.12) [5]
were rejected.

Direct-way devices are less common, since they
have a degauss coil that makes a transformer more
complex and, thus, more expensive.

There were numerous attempts to combine the
direct and reverse schemes where during a direct
move the power was transformed and released
into the output circuit and during reverse move —
the power accumulated in the transformer was re-
leased back into the same circuit. The correspond-
ing wiring diagram (Fig.13) described in details
in [6] was a result of such attempts. The diodes
8-9, a choke 10 and capacitor 11 form the direct
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Table 3. SON ballasts parameters
Dimensions, mm :
Lamp power, W Power losses, W Power factor weight,
L B H kg
70/50 14/9 0,39
111 66 53 1,5
100 16 0,43
250 28 0,42 135 3,15
70 85
400 32 0,40 165 4,3
1000 55 0,43 196 105 90 10,0
tifier, and a feedback block. Drivers of this kind are
2 5 10 13 highly efficient and have practically no upper pow-
21 23 9 K er limit.
6
? 3. FUTURE DEVELOPMENTS
3 12 OF CONTROL GEARS AND DRIVERS

Fig. 13. Functional scheme of converter with a combina-
tion of direct and reverse circuits

scheme, while a diode 4 and capacitor 12 — the re-
verse scheme. Testing of this circuit showed that
the voltage on transistor decreased by 1.3 times and
heating of transformer — by (10-12) % in compari-
son with the scheme of the reverse converter.
Dealing with power greater than (80—100) W, the
drivers shall be built by using the schemes of two-
stroke voltage converters. For instance, the In-
fineon company implements the scheme in LED
drivers for road luminaires with rated power ex-
ceeding 100 W. A scheme of such driver (Fig.14),
[7] contains a radio interference filter L, rectifier
BR1, half-bridge inverter based on transistors MHS
and MLS. The latter brings into current and voltage
agreement an isolating transformer T, an output rec-

The future development of control gears and dri-
vers totally depends on the market of light sour-
ces. The dynamics of the latter in Russia is given
in Table 4 [8]. It shows that the production of dis-
charge lamps will decrease by 10-100 times com-
pared to 2013 levels in the nearest future, while
production of LED products will increase 5—8
folds. That is why the new developments of elec-
tromagnetic and electronic ballasts for discharge
lamps have been practically stopped. But since a lot
of HID lamps (mainly, metal-halide and sodium)
are still in use, the corresponding ballasts are in de-
mand and will continue to be produced for a long
time for such applications as road and horticulture
lighting. A sufficient drop in production took place
only in the following product groups: conventional
ballasts for fluorescent lamps, integrated electronic
ballasts for compact fluorescent lamps (retrofitted
by LED lamps with screw base), and electromagnet-

LED+

Ca-

Fig. 14. Scheme of control unit based on two-stroke voltage converter
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Table 4. Market trends for light sources in Russia (production and import), million pieces

Light source type 2013 2014 | 2015 | 2016 2017 2018 2019 2020
Fluorescent lamps 121 88,5 80 64 38 29(19) 22(10) 16(5)
Compact fluorescent lamps 124 106 58 37 18 4 3 2
High-pressure mercury 9 6 25 1.5 0.5 0.3 02 0.1
lamps
High-pressure sodium 24 22 | 14 1 0,8 0,6 0,4 0,2(0,1)
lamps
Metal-halide lamps 1,5 1,4 1 0,7 0,5 0,3 0,2 0,2
Light-emitting diodes 54 124 99 123 168 209(309) | 240(375) | 265(421)

Remark: values given in brackets are under discussion in the countries of the Eurasia economic union.

ic ballasts for high-pressure mercury lamps (HPL)
replaced by sodium lamps (SON).

In contrast to ballasts for HID, the LED drivers
are at the peak of development. The main directions
of growth for these are as follows:

* New designs that correspond with the classifi-
cation given in Fig.6;

* Use of new up-to-date components, namely,
highly efficient semiconductor devices based on si-
licon carbide, gallium arsenide, etc.; special chips,
planar high-frequency transformers and chokes, ce-
ramic and film capacitors (instead of electrolytic);

» Since dynamic lighting systems are in great
demand, the drivers shall be supported by wide
range of analogue and digital interfaces in order
to cooperate with lighting controls.
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ABSTRACT

This article presents results of field experiments
with bistatic optoelectronic communication sys-
tems (OECS) in the atmosphere using diffuse laser
radiation. The work was performed in 2013-2016.
The experiments were carried out in order to es-
timate communication quality (based on the con-
trol of probabilities and errors, as well as their root
mean square deviations) and allow deriving the fol-
lowing conclusion: it is possible to create bistat-
ic OECSs, which operate effectively in the atmos-
phere with hundreds of metres in UV and hundreds
of kilometres in visible intervals of wave lengths,
with orientation of the receiver axis both in a hem-
isphere containing the direction to the source and
in a hemisphere containing the direction of propa-
gation of non-diffused laser radiation.

Keywords: optoelectronic conmmunication, la-
ser radiation scattering in atmosphere, time- pulse
modulation, error probability

1. INTRODUCTION

The main questions associated with developing
bistatic (over the horizon) optoelectronic commu-
nication systems (OECS) using diffuse laser radia-
tion are discussed in [1] and a Monte-Carlo method
choice was substantiated for the simulation of trans-
mission characteristics of atmospheric bistatic chan-
nels. Published in the same journal in 2012, were
a description of laboratory implementation of the
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experimental installation and an example of its test
under real atmospheric conditions.

In 2013-2016, a series of field experiments was
performed during the summer and autumn seasons
to evaluate the possibility and quality of receiv-
ing information using bistatic optical communica-
tion channels under various atmospheric conditions
and when changing the geometric parameters of the
send-receive OECS circuit.

The work reproduces new and previous results
of these studies performed at atmospheric routes
in Tomskaya region.

2. EQUIPMENT, OPTICAL AND
GEOMETRICAL CONDITIONS OF THE
EXPERIMENTS

A flow chart of the bistatic OECS laboratory
model, which is described in detail in [1], is given
in Fig. 1.

Copper bromide vapour lasers [2] were used
as a radiation source. They were developed in the
IOA of the Siberian Branch of the Russian Academy
of Science. They had the following characteristics:
radiation wave length A = 510.6 nm, pulse frequen-
cy repetition of (11-14) kHz, pulse duration At =
30 ns, average power P = (4—14) W, beam diame-
ter on entering the atmosphere & = 15 mm,; radia-
tion divergence Av = 0.06 mrd.

The visual field angle of the receiving telescope
was FOV = 2°. As a photodetector, a photoelec-
tric multiplier (PEM) ®3VY-84 was used. The op-
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Laser power supply

Laser tube

PEM power
supply unit

Fig. 1. A flow chart of the laboratory model of the communication system bistatic laser. Labels: A — "transmitting" com-
puter, 1 — interface, 2 — data coding device, 3 — master generator of the laser, 4 — modulator, 5 — laser thyratron, 6 and
7 — alignment units, 8 — diffusing volume, surface, 9 — telescope + photoelectronic multiplier (PEM), 10 — signal amplifier,
11 — decoding device, 12 — interface, B — "receiving" computer

tical axis of the receiving telescope crossed the
optical axis of the laser beam, and its inclination re-
lative to the horizontal plane was set by a angle.
The transmitting OECS was placed in the northern
tower of the IOA building A at the height hy = 13
m from the ground surface, or 173 m above sea le-
vel. The direction of the laser beam axis was de-
termined by altitude angle 5° < 6 < 15° and by az-
imuth angle — 10° < ¢ +10° in the horizontal plane
from the direction to the receiving OECS. During
experiments in 2013, the average power of the laser
source was equal to 4 or 6 W, in 2016 it was equal
to 8.5 or 14 W.

The laser beam passed (depending on the receiv-
ing optical system location) over the city of Tomsk
and the Tom River (Fig. 2, direction 1), over Tomsk,
Tom River and a suburb area (Fig. 2, direction 2),
over Tomsk, Tom River and the town of Beryozki-
no (Fig. 2, direction 3), and over Tomsk, Tom Riv-
er, forest areas, Ob River and fragments of the Ob
swamp (Fig. 2, direction 4).

During the experiments, the time interval be-
tween the radiated laser pulse and clock pulse
was measured. This modulation type of the radi-
ation (pulse-time) exactly is used in the laborato-
ry model of the bistatic OECS. During the exper-
iments, by means of the Zond M active-and-pulse
highly sensitive OECS [3] operating in a passive
mode, the ray’s diffuse trace in the atmosphere was
recorded on video, selectively. Fig. 3 shows exam-
ples of these images.

A mobile OECS receiving office could be placed
in any point accessible for vehicle transport. The
first successful field experiments were made in 2013
when the OECS receiving office was placed at a dis-
tance of 9.9 km from the laser radiation source and
the receiver height above sea level was 79 m. The
main experiments were performed in 2013 when
the receiving system was placed in a field behind
the Tom River in the radiation direction 2 in Fig. 1.
The source-receiver base was 8.77 km, the receiv-
er height above sea level was 77 m. The maximum
length of line sections from the source to the re-

Fig. 2. A scheme of laser ray directions to the points of placing the receiving OECS (green arrows) in 2013-2016
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a)

b) c)

Fig. 3. Videos frames: (a) — of information laser ray diffused along a cloudless route in atmosphere, (b) — of diffused radia-
tion passing a cloudy formation, and (c) — of radiation diffused on aerosol non-uniformities

ceiver through the intersection point of optical axes
of the receiver and of the laser beam was 11 km
(we name this distance the communication line
length).

The experiments were made from August to Oc-
tober 2013 in a dark time under cloudy atmosphic
conditions (separate cloud formations and solid
cloud cover), as well as in a cloudless atmosphere
and with precipitation. The information which was
transmitted along the atmospheric bistatic channel
for an evaluation of communication quality, was an
image of graphic test signal in the form of a periodic
triangular structure (without a horizontal leg).

Each experiment was carried out according
to layout presented in (Fig. 4). One of two orien-
tations of the transmitting laser beam with an alti-
tude angle o ~ 5° and 15° was recorded at azimuth
angle ¢ = 0°. The receiving telescope was oriented-
ed in the directions corresponding to the a angles
(15-85)°. To control the communication operation,
an additional transmitting laser beam orientation,
corresponding to ¢ = + 10°, was carried out. Dura-
tion of each communication session at the stable ex-
periment geometry depended on atmospheric con-
ditions and was equal to between 7 and 30 min.
Information (a graphic test signal) containing be-
tween 7,000 and 40,000 symbols was transmitted
and registered in a computer. Each experiment last-
ed between one and three hours.

The control of the bistatic atmospheric commu-
nication channel under field conditions cannot be
achieved completely. Therefore, to analyse the in-
fluence of weather and optical conditions on the
quality of the OECS’s work the following parame-
ters were applied:

— Meteorological visibility range Sy, which was
measured with an interval of 1 hour within the terri-
tory of the basic experimental complex of the IAO
[4] located at a distance of 12 km from point S
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Source Receiver

Base

Fig. 4. Geometric experiment layout

(Fig. 2). The Sy, measurement interval was limited
from the top by Sy value equal to 30 km.

— Aerosol pressure, humidity and concentra-
tion (with particle size greater than 0.3 p), which
were measured on the TOP-station [5] placed at the
High-rise station of the IAO (located at a distance
of 400 m from the radiator of the bistatic OECS).

— Coefficient of atmosphic aerosol extinc-
tion 5, at wavelength A = 0.5 p, which was de-
termined along a horizontal route (coming from the
building, where the OECS transmitting laser was
placed) using the equipment and the technique de-
scribed in [6-8].

3. RESULTS OF THE EXPERIMENTS

In order to estimate the quality of the commu-
nication, probability p and its root mean square
deviation (RMSD) ¢ were used during communi-
cation sessions, when all geometrical parametres
of the experiment setup were recorded. An algo-
rithm of the real-time statistical characteristic cal-
culation (i.e. at the time of carrying out the experi-
ment) is described in detail [18].

It is clear from the information about the statisti-
cal characteristics of transmission quality that both
atmospheric distortions, and changes of characte-
ristics and send-receive optoelectronic units can be
reasons for error, (for example, laser radiation pow-
er, photoelectronic multiplier (PEM) noise, etc.).

The error probability and error RMSD analysis
has shown that some communication sessions have
an ideal communication quality, i.e. p=0and 6 =0



Light & Engineering

Vol. 25, No. 4

Table 1. Selective values of communication error probabilities and their RMSD
in the experiments of 10/1/2013.

Time P o Time P o Time P o
8:35 p.m. 0.538 0.565 8:55 p.m. 0.053 0.065 9:08 p.m. 0.043 0.060
8:36 p.m. 0.277 0.308 8:56 p.m. 0.046 0.059 9:09 p.m. 0.035 0.069
8:37 p.m. 0.221 0.252 8:57 p.m. 0.054 0.065 9:11 p.m. 0.030 0.041
8:38 p.m. 0.143 0.163 8:58 p.m. 0.089 0.103 9:12 p.m. 0.041 0.054
8:39 p.m. 0.114 0.135 8:59 p.m. 0.103 0.120 9:13 p.m. 0.033 0.051
8:48 p.m. 0.043 0.061 9:02 p.m. 0.064 0.082 9:14 p.m. 0.026 0.035
8:49 p.m. 0.060 0.079 9:03 p.m. 0.055 0.063 9:15 p.m. 0.026 0.039
8:50 p.m. 0.068 0.086 9:04 p.m. 0.041 0.054 9:16 p.m. 0.029 0.043
8:51 p.m. 0.083 0.106 9:05 p.m. 0.039 0.060 9:17 p.m. 0.031 0.049
8:53 p.m. 0.069 0.081 9:06 p.m. 0.040 0.054 9:18 p.m. 0.030 0.047
8:54 p.m. 0.039 0.054 9:07 p.m. 0.035 0.046 9:20 p.m. 0.024 0.040

(for example, on September 4th), or close to it (for
example, on September 11th). In other situations, p
and ¢ values reached 0.8 and 0.9 respectively (for
example, on September 29th).

To find out the reason for th variation in error
probability p, aerosol concentration, transmittance
coefficient, meteorological visibility range, tem-
perature, humidity and atmospheric pressure were
monitored.

The physical basis of bistatic communica-
tion is the diffusion effect, and both aerosol, and
molecular components of atmosphere play their
part. Therefore, we should first determine which
of these processes affects communication quality
more, or whether their influence is equal. With this
end in sight, molecular diffusion coefficient Ay, va-
lues and aerosol diffusion S, values were compa-
red. Aerosol scattering coefficients were determined
using the LOWTRAN-7 package [9], and molecular
diffusion coefficients were calculated by the formu-
lae given in [10] using the temperature and pressure
data measured at the TOR-station [5].

It follows from this data comparison that aerosol
diffusion coefficients considerably (almost by an or-
der of magnitude) exceed molecular diffusion co-
efficients, i.e. one can assume that along cloudless
routes, the aerosol component directly determines
information transmission quality in bistatic OECS,
at least, for a 510.6 nm wave length. The analysis
has shown that there was no stable correlated rela-
tionship between error probabilitiy values and opti-
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cal and meteorological atmospheric characteristics
near the transmitting OECS.

As already mentioned, other sources of error
in information transmission via atmospheric com-
munication channels can be parameter change
in the equipment of separate units. With the se-
lected method of information modulation (pulse-
time), the quality of information received is primar-
ily influenced by the laser radiation power P, which
in the experiments was changed within an interval
of 4-6 W. When reducing P, we can expect a de-
terioration in communication quality, i.e. increase
of error probability p. This is confirmed, for exam-
ple, by a comparison of p values obtained diring ex-
periments performed on September 16th (P =6 W)
and on September 25, 2013 (P =2 W). In these ex-
periments, p equalled 0.01 and 0.572 respectively,
air temperature was + 14.7 °C on September 25th,
and — 4.3 °C on September 16th, meteorological vi-
sibility range Sy, on September 16th and 25th ex-
ceeded 30 and 7 km respectively, and aerosol ex-
tinction coefficient 35, restored from the 9 p.m.
measurements was equal to 0.102 km™! on Septem-
ber 16th and to 0.260 km™! on September 25th.

Therefore, before specifying the main rea-
son of the abrupt change in p errors (temperature,
laser radiation power, or aerosol extinction), we will
consider the influence of PEM temperature on the
communication quality.

The results are presented in Table 1, where p
and o values are given depending on the time of the
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Error probability, RMSD

T T T
5 6 7

Time, relative units
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Fig. 5. Error probabilities and their root mean square devia-
tions (RMSD) in the experiments of September 13th, 2016

communication sessions in 2013. The first ses-
sion was held without PEM forced cooling (begin-
ning of the session was at 8:35 p.m.), and PEM tem-
perature T corresponded to the ambient temperature,
i.e. T =+ 6.7 °C. The second and the next sessions
were held with a switched-on cooling installation,
which gradually cooled the PEM to a tempera-
ture of — 17C° over 30 minutes. As it can be seen,
PEM temperature significantly influences the com-
munication quality, and its change from + 6.7 °C
to —17 °C leads to a reduction in communication er-
rors by almost by an order of magnitude. This result
confirms the known result of the influence of tem-
perature conditions on PEM operation quality [11].
The first series of experiments in 2016 was per-
formed at a laser source average power of 8.5 W
and with the location of the receiving telescope near
Berezkino settlement at a distance of 26 km from
the laser radiation source (Fig. 2, direction 3, com-
munication line length was equal to 26.12 km). The
experiments were carried out under a cloudless fir-
mament (along the laser beam propagation line).
The angle of altitude of the telescope optical axis
and altitude angle of the laser radiation axis were
o ~ 5° and B = 10° respectively. Fig. 5 shows an
example of the real-time result evaluation of error
probabilities p and o in this experimental series.
On September 29t 2016, an optoelectronic
communication over the horizon, with diffuse laser
radiation from 69.5 km and the length of the com-
munication line at 69.83 km was carried out. The
averaged power of the laser radiation source was
14 W. The receiver was placed in close proximity
from the Tomsk-Novosibirsk road between Nash-
chekovo and Desyatovo settlements (Fig. 2, direc-
tion 4). The receiver captured the radiation, which
was distributed over Tomsk, Tom River, Ob River,
Ob swamp and forest area between the swamp and
the road. The angles of altitude of the receiver opti-
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Fig. 6. Error probabilities and their RMSD in the experi-
ments of September 29th, 2016

cal axis and radiation axis were o =~ 10° and p = 7°
respectively.

In Fig. 6, results probability error evaluations
and their RMSD for this experiment are given. The
absence of results for the 5-7 time intervals in Fig. 6
is due to the fact that at this exact time interval a ve-
hicle convoy drove the road with brigh headlamps,
which diffused the radiation (there were no cutoff
filters) and was registered by the PEM.

External limiting factors, such as the OECS’s
applicability area are noises connected with na-
tural and artificial radiation sources in this wave
length interval. Therefore, their use along atmos-
pheric routes can be especially difficult in day time,
or in night time if used close to intensive artificial
sources (see Fig. 6, time interval 5-7).

This problem can be solved or rendered less sig-
nificant, with the use of UV interval wave lengths
lasers and, primarily, solar-blind wave length inter-
val lasers as OECS radiation sources. This is evi-
dent from a growing body of theoretical research
[12—15], which has expanded during the last decade.

In the experiments of 2016, a hardware imple-
mentation of the bistatic OECS was used as the
baseline, which was tested in the visible wave
lengths interval and was described in detail in [16—
18]. A stationary copper bromide laser (wave length
A =510.6 nm, of 10 W average power) was used
as the primary source, the radiation of which was
transformed to the radiation with wave lengths of 1=
255.3;272.1 and 289.1 nm. A nonlinear transforma-
tion based on a BBO (BaB,0,) optical crystal was
used. In the experiments considered below, radi-
ation with wavelength 289.1 nm was used (0.3 W
average power, 14 kHz frequency repetition puls-
es, 30 ns pulse duration). The beam cross section at
the point of entry to the atmosphere was a square
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Fig. 7. A satellite picture of IAO cases of the Siberian
Branch of the Russian Academy of Science and directions
of radiation of a stationary laser UV source (arrow 1, 2)

of 2 mm side with full angular divergence by the
sides equal to 2.5°. This wave length was selected
based on the analysis of diffusing and absorbing at-
mosphere properties in the bottom layer. The receiv-
ing optical system was assembled using a refractor
telescope scheme. Some its characteristics are as
follows: the diameter of the light lens is 94 mm, the
glass material is quartz glass KY-1, uniformity class
is 1, and focal length is equal to 300 mm. The field
of vision of the receiving system is 2°. As a con-
verter of optical radiation into the electric signal,
PEM PhEM 142 was used. The experiments were
made along routes 1 and 2, represented by a satellite
photo of the IAO buildings given in Fig. 7. A sta-
tionary laser source was placed on the third floor
of building A — north tower of the Institute (on the
right in Fig. 7). In the first series of experiments, ra-
diation was directed towards a receiver placed in the
main building of the Institute (direction 1 in Fig. 8).
Arrows 1 and 2 in Fig. 7 are horizontal plane pro-
jections of optical axes of the laser beams used
in the experiments.

Fig. 8 shows geometrical schemes of three se-
ries of these experiments (side view). A receiving
telescope was placed in a room on the second floor
of the TAO building and was directed to the radia-
tion source. The radiation was directed sequential-
ly to points 1, 2 and 3. Point 1 corresponded to nl
direction vector and was at a distance of 3 m over
the receiver. The n2 and n3 direction vectors cor-
responded to points 2 and 3, and they were located
at a distance of 4 and 8 m from point 1 respective-
ly. This geometry excluded entering a non-diffused
radiation into the lens of the receiving telescope.
The length of the communication lines was equal
t0 96.2; 96.26 and 96.5 m.
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Fig. 8. Geometric diagrams of the first experiments

The second series of experiments was per-
formed, where the laser radiation was directed
into free atmosphere over the IAO main building
at an angle of 2° to the horizon. The receiving tele-
scope was placed on a site behind the main Institute
building under ray 2 in Fig. 7. The receiver’s opti-
cal axis was directed at angles between 15° to 110°
to the horizon relative the source direction. The
length of communication lines in these experiments
was changed from 100 to 108 m.

In Fig. 9 as an example of error probabilities and
their RMSD dependencies on the experiment se-
ries number are given. The experiments were per-
formed on May 20th, 2016 according to the diagram
in Fig. 8 for points 1 and 3. The squares and trian-
gles designate the error probabilities, and horizontal
intervals of different size designate upper and lower
RMSD boundaries for points 1 and 2 respectively.

Probabilities and their RMSD corresponding
to point 2 in Fig. 8 for all experimental series are be-
tween the values for points 1 and 3. It follows from
a comparison of these results that the communica-
tion quality decreases with increasing communica-
tion line length (a sequential transition from point 1
to point 3). This conclusion is rather obvious, if we
take into account that during the two hours, when
the experiments were performed, optical conditions
in near the ground atmosphere according to the
TOR-station [5] did not change significantly.

Levels of communication error probabilities ob-
tained in the experiments and their RMSD for the
laser radiation propagation direction 2 in Fig. 7 are
presented in Fig. 10. To illustrate the results ob-
tained in these experiments, two situations were
selected: (a): optical axis of the receiving system
is directed to the hemisphere of directions from the
source at an angle of 45° to the horizon, and (b): this
axis is oriented into the hemisphere of directions
from the source at an angle of 135° to the horizon.
In Fig. 10, along the abscissa axis, relative time cor-
responding to the experiment series number for si-
tuations (a) and (b) is given.
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Fig. 9. An example of the estimated results of communi-
cation quality in the experiments according to the Fig. 8
diagram for points 1 and 3

The following conclusions can be drawn from
the error probabilities and their RMSD compa-
rison in Fig. 9 and 10. The values of these para-
meters in situations (a) and (b) are rather close.
This can be explained by the fact that the prevail-
ing radiation diffusion source at a wavelength of 4
= 289.1 nm is molecular but not an aerosol atmos-
phere component, for which the diffusing indicatrix
is symmetric relative to the directions of the front
and to the back hemispheres. This leads to the fact
that when the geometrical parameters of the com-
munication lines correspond to situations (a) and
(b), the fluxes diffused by air molecules become
comparable.

A possible reason of this could be the fact that
the experiments performed for series (b) were con-
ducted 1.5 h later. All experiments were undertak-
en between 9 and 11 pm local time. We can assume
that aerosol concentration decreased during this
time, and since the moment of carrying out the ex-
periment series for situation (a), it remained almost
constant, and this is confirmed by the TOR-sta-
tion data [5]. Therefore, error probabilities va-
lue variations as well and their RMSD in Fig. 10
(curve b) are somewhat lower. In particular, pro-
bability p variations in situation (a) did not exceed
0.014141, RMSD module — 0.01829, and in si-
tuation (b) p variations did not exceed 0.008889,
RMSD module — 0.005541.

It is interesting to compare the quality of com-
munication in visible and UV wavelength inter-
vals. For this purpose we refer to [16], where exam-
ples of the evaluating error probabilities and their
RMSD are given. These data were obtained in field
experiments using a laboratory model of the bistat-
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Fig. 10. An example of the evaluation results output
of communication quality in the experiments for the laser
radiation direction 2 in Fig. 7

ic OECS with diffuse laser radiation in the visible
wavelength interval (4 = 510.6 nm) at communica-
tion line length of more than 10 km. This compari-
son shows that communication quality in the visible
interval is significantly higher than in the UV inter-
val. It would seem that the UV interval is preferable
for high-quality communications, because solar ra-
diation noise in this case is significantly lower.

However, if we remember that the experiments
were conducted in twilight time and that the visible
interval laser radiation power was higher than the
UV interval power by more than 15 times, and that
various PEMs were applied, then the comparison re-
sults are practically assured.

4. CONCLUSIONS

The field experiments conducted in 2013-2016
in order to evaluate the possibility and quality of in-
formation transmission along bistatic OECS using
a diffuse laser radiation, allow formulating the fol-
lowing general and particular conclusions.

1. A high-quality bistatic optoelectronic commu-
nication in the visible wavelength interval can be
implemented under both cloudy and cloudless at-
mospheric conditions.

2. In the case of a a cloudy sky, the communica-
tion can be accomplished via intromission and dif-
fusion areas of laser radiation on the lower bound-
ary of the solid cloud cover, or on the bottom and
a side boundary of individual clouds.

3. Statistical characteristics of the quality if in-
formation transimission using bistatic atmospher-
ic channels (error probabilities and their root mean
square deviations) depend on laser radiation pow-
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er (decreasing in proportion with its growth) and
on PEM sensitivity. Cooling of the PEM (D2Y 84)
used in the experiments from + 6.7 to — 17 °C led
to a reduction of error probability almost by an or-
der of magnitude.

4. An analysis of the influence of the optical and
meteorological state of the atmosphere on statistical
characteristics of communication quality at a wave
length of 510.6 nm has showed that in the case
of bistatic communication, when laser ray intercep-
tion is accomplished by the receiving system in the
surface layer of the atmosphere, it is determined
by radiation diffusion, which generally depends
on atmospheric aerosol concentration and on the
fact that a maximum base, with which a stable com-
munication with error probability at a level of 0.1,
can exceed 70 km.

5. To exclude or reduce the influence of hard-
ware failure during operation of an over the hori-
zon OECS, field experiment carrying out conditions
should provide for a guaranteed power stability
of the radiation transmitter and constant tempera-
ture of the PEM.

6. The field experiments affirmed the possibility
of developing and operating at a high level of qua-
lity bistatic multiple-address OECS in UV wave-
length interval with an operating range exceeding
hundreds of metres.

7. At basic distances up to hundreds of metres
and more, optoelectronic UV interval communica-
tion is possible both with the receiving system op-
tical axis orientation in the direction to the source
of horizon angles at more than 10°, and in the direc-
tion from the source to the receiving system optical
axis tilt angles to the horizon up to 30—40°.

8. The results presented by this research require
a further replication and correction as part of subse-
quent pilot and theoretical studies in order to deter-
mine the main influences on communication quality
and long-range operation areas of bistatic OECS ac-
cording to their optical and geometric characteristics
and parameters of their implementation versions.

The authors are grateful to Belov D.V. for parti-
cipation in the experiments, as well as for the PEM
cooling solution and to Protasova V.P. for engineer
processing of the work.
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ABSTRACT

Photovoltaic systems are widely used for auton-
omous power supply in different branches of indu-
stry. In many countries, they are applied mostly for
road, park and yard lighting and for signal lighting
(road sign, traffic light). Some aspects of autono-
mous photovoltaic power application, concerned
with the application of different types of battery are
investigated under conditions typical for the Mos-
cow region. Lithium-ion batteries are increasing
storage capacity technology for different niches, in-
cluding stationary, portable and electric transport.
Lead-acid batteries are the traditional solution for
back-up power and photovoltaic systems.

The storage unit usually has a significant influ-
ence on photovoltaic system costs and operational
parameters. The possibility of decreasing capital
costs and increasing the life cycle of photovoltaic
autonomous systems due to lithium iron phosphate-
based batteries is presented in this study.

Keywords: photovoltaic system, autonomous
power supply, solar power units, lithium-ion battery

1. INTRODUCTION

Rapid development in renewable energy techno-
logies [1] and primarily photovoltaic technologies
has ensured the wide application of autonomous so-
lar power units, usually with electrochemical bat-
tery energy storage, for light and road traffic con-
trol applications. One can see such power units
on many roads all over the world. Many compa-
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nies introduced into the market different versions
of such power units and their components. In dif-
ferent regions of Russia, an interest in such solar
power applications can be observed. For example
in Moscow, several thousands of solar-powered sig-
nal-light units have been mounted on pedestrian
crossings [2].

A typical solar-powered signal-light unit in-
cludes a photovoltaic module, a charge controller,
a lead-acid battery (gel or absorbed glass mat type)
and light emission diode backlight [3]. Cheapest
samples use pulse-width modulation charge control-
ler without maximum power point tracking. Some-
times a small wind turbine is also included as a part
of the system [4]. The widest application such units
has been seen in China and Germany. Due to their
low cost, Chinese systems are actively spreading all
over the world. Considering their construction fea-
tures, all power units can be divided into two types:
the first is the block-type, where the photovolta-
ic module covers the top part of the container and
the light-diode unit is situated on its lower part.
A charge controller and battery are placed inside
the container, which itself is put on the mast. An-
other design can be characterized as set-type — a set
of components (usually the photovoltaic module,
light-diode unit and container with a charge control-
ler and battery) each of which is mounted on a mast
separately. The tilt angle of the solar panel is de-
fined by the mounting construction.

It is worth mentioning that most of the units
imported to Russia are designed for applica-
tion in southern regions. Attempts to operate them
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Table 1. Basic parameters of modern lithium-ion batteries [9]

LiCoO,|LiCs | LiFePO,LiCs | LiMnyOy|LiCq LiNij3C0;3Mny 50,
L14T15012

Specific energy capacity,
Whike 180 70-150 120-150 70-90
Cost, USD/Wh >3 0,7-1,2 >1 >3
Recommended depth
of discharge,% 60 70 80 20
Cycle life, cycles 800 3000-5000 1500 >6000
Operation cell voltage, V 42 3,3 3,7 2,1

Fig.1. Solar-powered autonomous signal-light unit

in regions at high and average latitudes, usually lead
to failure in autumn and winter. In Fig.1, the first
solar-powered light-signal unit mounted in Mos-
cow in 2011-12 is shown [5]. Most of these systems
were out of operation during the winter due to low
photovoltaic power and a low tilt angle.

The second generation of solar-powered units
in the Moscow region was characterised by an in-
crease in photovoltaic module power (from 40—
60 W up to 100-120 W) and a tilt angle closer
to 90°. But the battery for electric energy storage
was left as quite small due to its capital costs.

Photovoltaic power is used to feed the diode
light unit and charge the battery during the day. At
night, the light-signal unit is fed only from battery.
The traditional type of battery used is lead-acid;
lithium-ion and nickel-cadmium batteries are used
much less often [6]. Lead-acid technology had a se-
ries of significant improvements, including the in-
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troduction of adsorbed in glass matrix electrolyte,
tubular electrodes, special additives to the elec-
trode material, increasing its lifetime. These mea-
sures slightly increased the depth of discharge and
life cycle of lead-acid batteries. Another advantage
of these batteries is their relatively low cost, but not
for high-resource deep-cycle batteries with tubular
electrodes [7].

Lithium-ion batteries have a longer life cycle
and a greater depth of discharge than lead acid tech-
nology. In addition, they have better specific energy
capacity that allows having less mass and volume
of battery for thermal management in wintertime.
But higher costs for lithium-ion batteries decrease
their competitiveness against lead-acid technolo-
gy in stationary applications. Another issue of lithi-
um-ion battery applications is the need for a battery
management system, which controls voltage and
temperature on each cell in the battery and reacts
on dangerous fluctuations, increasing battery life-
time, safety and costs [8].

Changes to the battery operational parameters
at low environmental temperatures are the spe-
cial problems. Some of lithium-ion systems as
Li4TisO4,-based anode are more prone to low tem-
peratures than lead-acid. This is very important for
small-scale units (road signs, signal buoys, illumi-
nating devices) where there is a lack of energy for
battery container thermal management.

2. CALCULATION AND ANALITICAL
STUDIES

Lithium-ion batteries, as well as lead acid ones,
have different sub-types of technology, which
is concerned with cathode and less anode materi-
al influence. Lithium cobalt, manganese oxides,
mixed lithium oxides of cobalt, nickel, manga-
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Table 2. Solar-powered signal-light unit optimal configurations
Photovoltaic
module Battery
Battery Efficient | Nominal Minimal Minimal
type Area, | Efficien- | energyca- | energy | Efficien- . Depth of dis-
N o . - o charge discharge o
m cy,% pacity®, capacity, cy,% time** h time ** h charge,%
kWh kWh : e

Pb-Acid

(AGM) 0,98 14,3 6,41 21 83 42,8 35,6 30
LiFePO, 0,98 14,3 6,41 9 84 42,4 35,6 70

* considering recommended depth of discharge, ** considering maximum power flow through charge controller

of 180 W

nese, aluminium and lithium iron phosphate are
the main cathode materials for a lithium ion bat-
tery. Usually lithium graphite is used as an anode
material, but several companies produce cells with
Li4TisO4,-based anode, increasing the cost and cy-
cle life and losing specific energy capacity. The
main parameters of modern lithium-ion batteries are
given in Table 1.

An energy balance calculation to evaluate auton-
omous solar-powered light-signal unit optimal con-
figuration for conditions in the Moscow region was
carried out.

NASA SSE monthly averaged solar radia-
tion data was taken to estimate photovoltaic modu-
le productivity due to its availability and the pos-
sibility to obtain climate data for most parts of the
Earth [10, 11, 12]. The relative error of solar radia-
tion data is estimated as (10—15) % [11]. The ener-
gy balance calculation approach for different equip-
ment configurations was close to that described
in [13].

Two types of batteries were taken under consi-
deration: lead-acid (absorbed glass mat type) and
lithium-ion (lithium iron-phosphate cathode ma-
terial), as the most cheap and widespread storage
systems for the chosen battery technologies. EP-
SOLAR Tracer MPPT 1210 charge controller with
maximum power point tracking was chosen for
the lead-acid version of the solar-powered unit. Its
main advantages are its low cost and the possibili-
ty to control the electric load (for example load can
be fed not only the whole day and night, but also
only in selected hours) [15]. Lithium iron-phos-
phate batteries were purchased from Winston Bat-
tery [16] as inexpensive version of lithium ion sys-
tem, operational in a wide range of environment
temperatures. Multi-crystal silicon photovoltaic
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modules TSM 140 (140 W peak power, JSC Tele-
com-STV, Zelenograd) were used in both configu-
rations. For the lithium iron-phosphate battery, pa-
rameters of the EPSOLAR Tracer MPPT 1210 were
chosen for calculation only, later an original con-
troller was developed. A road sign “Crosswalk”
with light-emission diode backlight 4 W was fed
from the photovoltaic module and battery. Back-
light was suggested to operate 24 hours per day dur-
ing the whole year.

In the given conditions, the energy balance be-
tween generation, storage and consumption was es-
timated for different solar panel power and storage
capacities. The optimisation criteria was minimum
unit cost at backlight guaranteed operation during
the whole year in the Moscow region. Calculated
optimal configurations are shown in Table 2.

The guaranteed operational degree for such
a unit was defined as the ratio of operated hours
in the year to 8760 hours (the whole year).

For the configurations given in Table 2, guaran-
teed operational degree was about (97-98) % (ope-
ration of no less than 8500 h per year). The longest
periods when the unit was out of operation in Mos-
cow conditions were in January

3. EXPERIMENTAL APPLICATION

The main challenges for lithium-ion batteries
in photovoltaic-based applications are:

— Development of a charge controller which are
suitable for lithium-ion battery range of operational
currents and voltages;

— Development of battery management system
for the lithium-ion battery.

The first problem is concerned with the perfor-
mance curve of the photovoltaic module. Having
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Fig. 2. Experimental charge controller for a lithium-ion
battery

deeply discharged battery as a load, the photovolta-
ic module will be under current close to short cir-
cuit which leads to low voltage and efficiency. High
current can also be also harmful for the battery,
leading to decreased lifetime and possible over-
voltage. So charge control is needed with current
limitation and maximum power tracking for the
solar panel to increase the charge process efficien-
cy. Most of the charge controllers available on the
market are adopted for operation with lead-acid
batteries

Therefore, at the Joint Institute for High Temper-
atures a special charge controller for lithium-ion bat-
tery has been developed, Fig. 2. It is equipped with
a battery management system of passive type to pre-
vent battery overvoltage and maximum power point
tracking using a P&O (perturb and observe) algo-
rithm — the current from the photovoltaic module
increases while the power increases or battery vol-
tage reaches its upper limit. In case of a power drop
after the current increases, the charge controller de-
creases the current. Current perturbations are gene-
rated every 3—5 minutes (due to slow solar radia-
tion change dynamic)

Two solar-powered light-signal units were as-
sembled according to the configuration presented
in Table 2, and tested in the Joint Institute for High
Temperatures, Fig. 3. Containers with lead-acid (a)
and lithium-ion (b) batteries internal view is pre-
sented in Fig. 4. Both systems were tested from
March to December 2016. Measurement system
for data collection on currents and voltages in solar
panel, battery and load circuits was built on OWEN
data acquisition units. Data acquisition was carried
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Fig.3. Experimental solar-powered light-signal units.

b)

Fig.4. Internal view of battery container for lead-acid (a)
and lithium-ion (b) batteries

out with a frequency of 0.2 Hz. Data obtained al-
lowed to calculate the energy produced by the pho-
tovoltaic module, Fig. 5, stored in batteries and fed
to the load. Zero voltage in the load circuit meant
non-operational periods of the light-signal unit, so
the sum of such periods allowed calculating the
operational time during the whole test period and
deriving a guaranteed operation degree.

During the whole test period, guaranteed opera-
tion degree of 89 % for lead-acid and 87 % for lith-
ium-ion battery equipped solar powered units was
obtained. The increased value of guaranteed ope-
ration degree was reached due to deep battery dis-
charge — to 80 % instead of 30—40 %. A commer-
cial charge controller only monitors voltage change
in a battery, but for high capacity battery discharg-
ing by small current, voltage change is quite slow
and does not represent correctly the depth of dis-
charge. The developed controller also uses voltage
as a control parameter, but the threshold voltage for
load disconnect was preliminarily defined during
tests on characteristic for photovoltaic applications
of low currents. Greater depth of discharge leads
to accelerated battery degradation.
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Table 3. Capital costs and their structure for autonomous solar-powered light-signal units

Capital costs
Battery type
Components Costs, rub Share,%
Solar panel 7600 6,3
Mounting construction 2800 2,3
Version A. Lead-acid battery Charge controller 4500 3,7
(AGM) Battery 72000 60
Cables, wiring, container 13000 10,7
Construction works 20000 17
Total (for version A) 120000 100
Solar panel 7600 8
Mounting construction 2800 5
Charge controller 7300 10,2
Version B. Li-ion battery (LiFePO,)
Battery 55440 49
Cables, wiring, container 12000 10,8
Construction works 19000 17
Total (for version B) 112500 100

Experimental data deviation from the calculat-
ed results can be explained taking into account the
shading of photovoltaic modules by nearby buil-
dings in evening, which was not described during
calculation.

4. ECONOMIC ESTIMATION

Cost shares for different experimental sam-
ple components in both configurations are given
in Table 3.

Mass and dimensions estimates for both battery
types are given in Table 4.

According to the relatively short lifetime
of a lead-acid battery, one should estimate ope-
rational expenses which account for battery re-
placement over a 20 year period (averaged lifetime
of modern solar panels). Manpower and transpor-
tation costs for battery replacement are estimated
as 20 % of battery cost. Exact life cycle estimates
at different depths of discharge is problematic, so
a rough estimate is made, suggesting that 365 dis-
charges down to recommended depth of discharge
occur during the year. The calculation results for
operational costs of battery replacement are given
in Table 5.

54

Therefore, application of lithium-ion batteries
is more competitive considering the whole period
of the solar-powered light-signal unit’s operation

5. CONCLUSIONS

1. Application of solar powered light and signal
units with a high degree of guaranteed operation un-
der the conditions of Russian regions requires a cor-
rect estimation of climate and geography factors.
A high degree of guaranteed operation leads to an
upscale of battery and solar panel and increased cost
of the whole unit.

2. Application of a lithium-ion battery al-
lows to decrease the cost of construction and ope-
ration of solar powered autonomous energy units
due to its longer cycle life and greater depth of dis-
charge than lead-acid batteries. A battery container
can be made much more compact than for lead-acid
batteries of the same efficient energy capacity. For
today, application of lithium iron phosphate based
batteries seems to be the most attractive.

3. For successful integration of li-ion batter-
ies into solar powered systems efficient charge con-
trollers with a solar panel maximum power point
tracking algorithm, functions of voltage at each cell
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Table 4. Battery type mass and dimensions estimates

Volume, Efficient energy Nominal energy
Battery type Mass, kg m3 capacity, W-h capacity, W-h
Version A. Lead-acid battery (AGM) 855 0,8 6410 21367
Version B. Li-ion battery (LiFePO,) 153 0,12 6410 9157

Table 5. Expenses for battery replacement for 20 years

Capital costs, thou- | Battery replacement Total costs over 20
Battery type years, thousands
sands of rub for 20 years
of rub
Version A. Lead-acid battery (AGM) 120 6 504
Version B. Li-ion battery (LiFePOy,) 112,5 2 230

of the battery and the battery depth of discharge, ad-
equate controls must be applied.
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ABSTRACT

Designing historic building floodlighting be-
longs to fairly complicated tasks. Apart from a pure-
ly technical imagination and adherence to flood-
lighting principles and methods, aesthetic aspects
should also be taken into account. Predicting the ef-
fect, which will be created, is a very difficult thing.
It is often impossible for us to check, owing to the
dimensions of the illuminated structures, num-
ber of the used lighting equipment and its installa-
tion capabilities. Here comes 3D computer graph-
ics. The paper presents a case study of floodlighting
Palace of the Commonwealth in Warsaw, Poland.
A few concepts of illuminating the palace have been
described, the analysis of effects has been made and
the concept that after some consultations was selec-
ted for implementation has been demonstrated. All
the floodlighting designs are shown in a form of the
photorealistic visualization of lighting with a de-
scription of the intended and obtained effects. Apart
from the visual evaluation, the level of the build-
ing luminance was carefully monitored under the
project.

Keywords: illumination, floodlighting, lighting
technology, computer graphics

1. INTRODUCTION — BUILDING
DESCRIPTION

Palace of the Commonwealth in Warsaw is con-
sidered as one of the greatest examples of the ba-
roque architecture in Poland. It is one of the most
magnificent conceptions of a French style palace,
entre cour et jardin, in Warsaw, with its main build-
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ing called corps de logis, situated at the axis be-
tween the entrance court (cour d’honneur) and the
garden at the back of the palace. The building was
constructed according to the design by Tylman Ga-
merski in the years of 1677 and 1695 as a residence
of Voivode of Ptock, Jan Dobrogost Krasinski. Its
structure is based on three avant-corpses as follows:
one central five-radial and two side three-radial. Be-
tween the main and side avant-corpses there are pil-
lar loggias. Both central avant-corpses, front and
garden, are ended with tympana at whose tops there
are statues. The basic dimensions of the palace are
as follows: width of 76 m, height of 26 m represent-
ing 3 floors, roof and statues on tympanum as well
as the depth of 28 m. At the back of the palace, there
is a garden that was subject to revitalization while
designing the palace floodlighting. The front facade
is directed at Krasinski Square opposite a modern,
glass-structured building of Supreme Court in Po-
land. Today Palace of the Commonwealth is a part
of the Polish National Library's Special Collections
Section (Manuscripts and Old Prints).

2. SCOPE OF PROJECT

In 2008, the facades of the palace were reno-
vated, and the existing floodlighting, owing to the
technical reasons, was partially disconnected and at
present it does not perform (Fig.1). The design was
implemented at the beginning of this century, and
thus, based on the lighting solutions with econom-
ically inefficient light sources. As a result of these
factors, there was a need to design a new concept
to include and use modern lighting solutions, such
as energy saving lighting equipment based on both
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Fig. 1. Palace of the Commonwealth in Warsaw, Poland (front facade)

discharge lamps and light emitting diodes (LEDs).
The aim of the new design was to floodlight the ex-
terior facades of the Palace of the Commonwealth
in Warsaw, meaning highlighting the facades of the
building with light.

The conceptual scope of design covered work-
ing out a few concepts of the building floodlight-
ing, selecting, positioning and directing the light-
ing equipment, making the lighting calculations,
including the visualization of the floodlighting con-
cept. For every lighting concept, the recommenda-
tions and guidelines related to the connection, con-
trol and maintenance system for floodlighting were
described.

It was agreed that the spatial range of the flood-
lighting would cover all four fagades of the palace:
front, garden as well as south and north end walls.
During the talks on the design with the building
owners, it was agreed that the roof parts of front
facade, seen from Krasinski Square, would also be
lit.

In the course of designing the lighting solu-
tion for the building, the starting point was an ana-

lysis of a series of factors related to both palace
and its surroundings [1-8]. The basic directions
and points of observations, building surroundings
in terms of its brightness and capabilities of mount-
ing the lighting equipment were estimated, since its
thorough modernisation had recently been carried
out. Also, the architecture of the building, its details
and function, which it performs, were taken into ac-
count. In that way, with the aid of computer lighting
simulations, with all aspects of designing with this
technique [8] a few concepts of floodlighting the
front fagade and one for the garden facade were an-
alysed. All these designs were preceded with multi-
ple changes in a type of the lighting equipment and
locations of its mounting and directing. All created
concepts of the palace floodlighting were complete
in terms of design documentation. Apart from the
visualization images, every project had the gene-
rated luminance distribution on the facades of the
building that enabled assessing the design in terms
of compliance with the CIE recommendations con-
cerning the luminance of the buildings subject
to floodlighting [9]. Also, the projects contained the

Fig. 2. Three-dimensional grid model of Palace of the Commonwealth in Warsaw
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guidelines regarding the floodlighting maintenance
system, including recommendations on a time peri-
od, after which cleaning the lighting equipment and
replacing the light sources should be carried out.

3. UNDERTAKEN TECHNIQUE
OF DESIGN FOR BUILDING
FLOODLIGHTING

For such reasons as a prestige of the building,
its dimensions, predicted number of the lighting
equipment and necessity of analysing a large num-
ber of the lighting options, the only way to design
the building floodlighting was to use the lighting si-
mulation of its three-dimensional geometric model.
There are many methods for designing the virtual
3D models dependent on both used computer appli-
cation and designer’s skills and knowledge in this
field. However, the design basics are similar. On the
basis of lines, profiles of the building and a series
of functions available in the 3D applications, some
sets of vertexes, edges and planes representing the
virtual rendering of the real building are created.
By convention, the authors calls these models a ge-
ometric representation of the building (Fig. 2).

Palace of the Commonwealth, as a relatively big
building, is not easy to be reconstructed in the virtu-
al space. Its structure is rich in architectural details
and facade materials vary. However, in majority, the
facade is plastered. As for the created three-dimen-
sional representation of the building, the next step
was to define all material features: colour, material
texture, reflective properties.

The first two design stages are the most la-
bour-intensive and time-consuming in this me-
thod for designing the lighting solution. However,
on the basis of such a created virtual scene, the de-
signer can analyse the unlimited number of flood-

lighting options. It means the options based on the
real lighting equipment. Usually, luminaires are de-
fined by lighting manufacturers in a form of lumi-
nous intensity distributions in the IES (Illuminat-
ing Engineering Society) format. The files uploaded
to the software have defined basic lighting parame-
ters: a luminous intensity distribution, maximum
luminous intensity of a luminaire and luminous
flux of a light source, whereas an appropriate co-
lour temperature of light source should be assigned
to them, and as far as a light strip is concerned, its
length should be given.

The last stage of designing the lighting with this
method is rendering. It is a calculation process, un-
der which the geometry of the building is convert-
ed into an image after assigning the reflective and
transmissive properties to it, and then, adding the
light sources to a scene, as a result of the photomet-
ric and colorimetric calculations. On its basis, the
designers can see and present their vision of illumi-
nating the building as well as receive the technical,
lighting data on their project. The luminance distri-
bution on individual planes, enabling assessing this
design should be recognised as the most important
data (Fig. 9).

4. MULTI-OPTIONAL DESIGN FOR
FLOODLIGHTING

Taking into account the points and directions
of observing the building, option 1 was based
on a mixed method, general and accent lighting [6].
16 in-ground luminaires were installed in a distance
of 3 m away from the facades evenly illuminating
the front fagade, with an increase in the luminance
in its central part. For the accent lighting purposes,
107 spotlights and floodlights in total were applied.
The arcades of the palace were highlighted with the

Fig. 3. Design of floodlighting front facade of palace (option 1 — visualization)
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Fig. 4. Simulation of floodlighting garden fagade of building

asymmetric light distribution floodlights placed in-
side them. The tympanum, three statues at its top,
banister and pilasters were lit with a light strip sys-
tem equipped with the light emitting diodes (LEDSs).
The other lighting equipment predicted for facade
floodlighting was based on the metal halide lamps
of colour temperature of 3000K. The roof surface
of the front facade was illuminated with the rotary
symmetric reflector spotlights with glass stretching
the light beams horizontally. Due to the patina-cov-
ered roof surface, the light sources of a higher tem-
perature (4200K) than for the fagade were applied.
Fig. 3 demonstrates the floodlighting design.

This option also had a few modifications illus-
trating an effect of floodlighting with the switched
off lighting of the roof, banisters, pilasters and sta-
tues at the top of tympanum to show the influence
of illuminating them on the final lighting effect.

Due to a different observation perspective, a de-
cision on illuminating the garden and side facades
only with the general light [6] was made (Fig. 4).
One concept was created as a result of the early
multiple changes to the types of lighting equip-
ment and its positioning and directing. The project
in this option assumed using 37 asymmetric distri-
bution lighting fixtures equipped with the metal ha-
lide lamps mounted at the low bollards at a distance
of 4m away from the facade. In order to highlight
the depth, characteristic fagcades recession over the
balcony, on their surfaces, 3 asymmetric floodlights
each generating a higher luminance levels in these
spaces were installed. Additionally, 13 LED linear
luminaires to light the tympanum and 7 LED spot-
lighting fixtures to illuminate the statues at its top
were applied.

The second option was a result of modifica-
tion made to the first version. It assumed withdraw-
ing from using the in-ground luminaires illumina-
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ting the front facade in favour of the asymmetric
floodlights installed on the low bollards in front
of the palace. Unfortunately, it was not a good solu-
tion — the lighting equipment was seen during the
day time, however, owing to the existing bollards
used in the former lighting system and power sup-
ply provided to them, a decision on analysing such
a solution was made. The amount of lighting equip-
ment was the same. The effects of floodlighting and
luminance distribution for this option were similar
to option 1.

The palace facade is characterised by the pilas-
ter rhythm along its entire width. Thus, the third
important modification to the lighting project as-
sumed highlighting the rhythm of side, outermost
avant-corpses, as well as emphasising the balcony
banisters in the arcade part, with the light, togeth-
er with the simultaneous reduction in luminance le-
vel in the upper parts of the building (Fig. 5). The
effects were achieved thanks to the LED light strips.
The number of the used lighting products grew
to 160 pieces.

The next analysis was to switch off the arcades
on the first floor and to accent the pilaster rhythm
along the whole fagade width from the palace side.
Also, the luminaires illuminating the balcony ban-
isters in the arcade part were left (Fig. 6). The total
number of the lighting fixtures installed grew by the
next seven pieces.

The last virtual lighting attempt was to empha-
sise the horizontal fagade division by installing the
light strips along the entire facade width, at the
height of first floor, and to accent the pilaster rhythm
in the central and side avant-corpses. The arcades,
according to the recommendations regarding the
building floodlighting, were lit with the asymmet-
ric light distribution luminaires with the metal hali-
de lamps from the inside. Fig. 7 illustrates the com-
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Fig. 5. Visualization of floodlighting Palace of the Commonwealth (highlighting rhythm of pilaster avant-corpses)

puter simulation of the project. This option became
the most spectacular, but also expensive. 201 lumin-
aires in total number were installed.

5. FINAL CONCEPT
OF FLOODLIGNTING

All the above mentioned concepts of floodlight-
ing the building were initially presented only to its
owner who selected optionl for the implementa-
tion — with modification meaning eliminating the
luminaires mounted directly on the palace facade —
on the central pilasters of avant-corps.

The design was also subject to evaluation by the
conservation-restoration authorities for the aesthet-
ics point of view [10, 11]. Unfortunately, as a result
of the analyses and talks on both achieved effect and
possibilities of mounting the lighting equipment, it
was rejected. The conservator-restorer recommen-
ded using the general lighting method for all the
building facades (Fig. 8). The lighting with the aid
of two groups of narrow distribution spotlights from
a long distance of 40 m away from the facade was
recommended. A similar way of floodlighting was
also proposed for the garden fagade. A vast majori-

ty of the lighting products were supposed to be in-
stalled on the newly mounted bollards used in the
lighting system of the park.

In total, to implement this option 34 spotlights
and floodlights of the entire installed 4.2 kW were
applied performing the average luminance value
about 6 cd/m? (Fig. 9), which, thanks to the ave-
rage surrounding brightness, can be found com-
pliant with the recommendations concerning the
building floodlighting [9]. The obtained lighting
effect can be considered as consistent, since a na-
ture of the building floodlighting with the general
lighting method has hallmarks of rendering effect
seen during a day. All floodlighting principles de-
scribed in the literature of the subject [5, 6] can be
also recognised as met. In the final option, 12 lu-
minaires mounted on the three bollards relative-
ly low (4m) were accepted for the installation pur-
poses. In the extreme case there were 5 lighting
fixtures of the narrow half-peak divergence of d;),
= 16 deg. The luminaire batteries with their size
might not be so visible, however, it could be ex-
pected that their directing in the plane close to or-
thogonal to the building facade surface might cause
a stronger light penetration into its interior [12, 13].

Fig. 6. Visualization of floodlighting palace (test on highlighting pilaster rhythm along front facade)

61



Light & Engineering

Vol. 25, No. 4

Fig. 7. Visualization of floodlighting Palace of the Commonwealth according to option 5

Therefore, there could be a risk of glare to the peo-
ple walking around it, since the maximum luminous
intensities of these luminaires are very high (around
200 kcd). The palace floodlighting with this me-
thod is also inefficient. There will also be a strong
light pollution and glare to the observers. Yet, it will
be possible to verify these parameters only after
the implementation. At the current lighting design
stage, the methods of discomfort glare risk occur-
rence evaluation [14, 15] are being worked out for
the road lighting in particular, however, it should be
expected that these methods can be adapted to the
building floodlighting field.

6. ALTERNATIVE TO SIMULATION WAY
OF DESIGNING FLOODLIGHTING

The building floodlighting design with the visu-
alization method is a tedious process. The time re-
quired to generate a multi-optional lighting project
is calculated in tens of working hours. A bigger bur-
den of designing with this method is time needed
to create a virtual light scene.

Carrying out the tests with the use of real light-
ing equipment under the real conditions is an al-

ternative [16]. Also, for this building, the investor,
upon the request from the conservator-restorer, did
such a test. Unfortunately, it ended in failure. De-
spite a relatively small number of the lighting fix-
tures used for the final concept, none of the lighting
companies managed to collect the number of speci-
fic types of the luminaires required under the pro-
ject. However, it should be mentioned that gene-
rally, if it were possible to collect such an amount
of equipment, the project evaluation during a short
show would not be objective either, since it features
a lot of disadvantages. It is hard to expect one-off
decisions on a way of floodlighting to be made dur-
ing the show, and it is also risky to rely on the pos-
sible analysis coming from the photo documenta-
tion of the floodlighting tests [17].

7. CONCLUSIONS

So far three building floodlighting methods have
been known: accent, general and mixed. The choice
of method mainly depends on a distance and loca-
tion of the observation points. Taking into account
the location of Palace of the Commonwealth, the
points and directions of its observation as well as

Fig. 8. Final concept of floodlighting Palace of the Commonwealth (computer simulation)
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Fig. 9. Luminance distribution for option predicted for implementation

capabilities of its floodlighting, the use of mixed
method was recommended from the lighting point
of view. All options presented in the project were
exactly based on this method. However, it is usu-
ally the conservator-restorer who has a decisive in-
fluence on floodlighting the building. His or her
role is to take care of both building structure (light-
ing equipment mounting on the fagade, drilling the
holes, conducting the power supply cables, etc.) and
its general appearance in the evening and at night —
i.e. an appropriate floodlighting design. Apart from
aesthetic reasons that should not be discussed,
the final project for the palace to be implemented
means, however, a lot of threats. The inefficiency
of the final floodlighting option should be conside-
red. After implementing the project, there will be
a strong light penetration into the building interi-
or, where there are a lot of collections of old prints
and manuscripts. Also, a high light pollution should
be taken into account. At present, the new building
floodlighting method is being worked out in an at-
tempt to reduce these threats to minimum. It is also
possible to verify and change the described project,
since while writing this paper the design is still be-
ing established.

Designing building floodlighting always re-
quires multilayer approaches, analysing different
solutions, both in terms of expected light effects
and type of the used equipment. Without compu-
ter lighting simulations in 3D model, such an ana-
lysis is now difficult to be made. In this case, there
are also some thoughts and tests in progress to find
out how to solve this problem. It should be ex-
pected that in the nearest time the multi-optional
floodlighting design on the basis of the real lighting
equipment will not be so difficult and time consum-
ing as it is now.
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Evaluation of lllumination Quality Based on Spatial-Angular
Luminance Distribution

Fig. 1. Example of visuali-
zation of the space-angular
luminance distribution by lo-
cal estimates of the Monte
Carlo method for the Cornell
Boxes reference scene

Fig. 2. Example of setting
the weight coefficient p for
different fields of view

Fig. 3. Example of determining the weight coefficient h, taking into account the lighting task
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Fig. 4. A measuring instrument of light mode on the sea surface and in water thickness. On the left is an immersed
detector, on the right is a deck-based detector

Fig. 6. The Profiler Il measuring system developed by SATLANTIC Company [20] to measure luminance of ascending
radiation and irradiance from the top in eight spectral channels. On the left is an example to measure in the buoy version;
on the right — to measure in the free fall mode
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Fig. 8. Deep-water manned vehicle Mir: on the left — before immersion, on the right — investigation of a sunken subma-
rine, Atlantic Ocean, depth is 5400 m

dPAR, Land
Einstein m2-d™"’

Fig. 10. Comparison of spatial distributions of daytime exposition of photosynthetically active radiation (400—700 nm)
computed according to the MODIS-Aqua satellite scanner using 10 RAS algorithm on August 1, 2014 at 10:55 am GMT
(on the left) and at 12:35 pm GMT (on the right). The white line shows route of the boat, and figures nearby show the
beginning (4:04 a.m.) and the end (4:02 p.m.) of the PAR measurements, as well as the boat position during the satellite
flight [31]
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Fig.2. Circles drawn on the photograph of the Istanbul Fig.3. Circles drawn on the photograph of the Istanbul
Beykoz tunnel entrance Kavacik tunnel entrance

Fig.4. CIE088 curves for first tube

Fig.5. CIE088 curves for second tube
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ABSTRACTS

In this study on tunnel lighting, a new lighting
system was designed using high power LED lamps
in an urban road tunnel. The automated LED lamp
lighting system features a stepped lighting design
created to provide variable luminance values. The
study confirmed that the LED lamp lighting design
conformed to the luminance values specified by the
International Commission on Illumination (CIE0S8:
2004).

An urban tunnel in Istanbul was chosen to com-
pare the energy efficiency change in cases of the
high pressure sodium (vapour) lamps and the high
power LED lamps using for tunnel lighting. The
LED lamps were found to conserve 45.5 % more
energy than the high- pressure sodium (vapour)
lamps.

Keywords: tunnel lighting, high power LED
lamps, high pressure sodium (vapour) lamp, ener-
gy efficiency

1. INTRODUCTION

Tunnels are extensively used for urban and in-
tercity transportation, as they reduce the distan-
ces and provide ease of use and comfort. A driver’s
eye, which is adapted to expansive surroundings
and bright light in the daytime, perceives the tun-
nel entrance as dark, and is therefore unable to ful-
ly see objects at the tunnel entrance [1]. At night,
however, this issue does not pose a problem, as the
eye is already adapted to the darkness. Tunnel light-
ing is therefore especially important in the daytime,
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when certain precautionary measures, particular-
ly those related to the convergence zone of the tun-
nel, need to be taken to ensure that drivers are able
to visually adapt to the dark tunnel. Tunnel lighting
should provide the necessary minimum level of lu-
minance required for the driver to travel safely and
comfortably through the length of the tunnel. The
safety features associated with the drivers’ passage
through the tunnel are determined by the Interna-
tional Commission on Illumination (CIE088:2004
Guide for the Lighting of Road Tunnels and Under-
passes) [2]. This study is in accordance with these
standards.

In the present study, a stepped lighting system,
using automated high power LED luminaires was
designed for an urban tunnel. In the tunnel, high
pressure sodium vapor luminaires were used for the
lighting. This study investigates the change in ener-
gy efficiency between the use of LED luminaires
and sodium vapour luminaires.

The report “Energy Savings Potential of Sol-
id State Lighting in General Illumination Appli-
cation” released by the US Department of Energy
indicated that the replacement of current light sour-
ces with LEDs could provide a savings of $250 bil-
lion in USA energy consumption over the next 20
years and decrease energy consumption for light-
ing by 50 % and reduce 1800 million metric tons
of CO, emission [3].

The use of white LEDs in lighting systems
is preferred to traditional lights because of its nu-
merous advantages, such as higher energy efficien-
cy, longer lifetime and, therefore, less maintenance,
reduced size of the equipment, higher flexibility and
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control of the level of light and colour variation, and
low power consumption [4]. Lighting accounts for
20 % of total electricity use throughout the world
today [5]. Using LEDs could reduce this figure
to 4 % or less. As LEDs are expected to become the
dominant light source over the next decade, the re-
duction of energy used and greenhouse gases emit-
ted will benefit everyone, including consumers who
will save hundreds of dollars every year from re-
duced energy use. The Tunnel Pass LED luminaire
reduces energy consumption by up to 50 % compa-
red to high intensity discharge (HID) fixtures and
provides optimal lighting uniformity in tunnel and
underpass applications while offering up to 100,000
hours of reliable operation.

A large part of the input power in high power
LED chips transforms into heat, which needs to be
directed away from LED lamps, while the remain-
ing part of the power is transformed into light [6]. As
a result, the operating temperature of LEDs is one
of the most significant determinants of LED’s reli-
ability and strength. Continuous operation of LEDs
at elevated temperatures hastens the decrease in lu-
minous flux, thereby reducing the life span of LEDs.
Therefore, as the generated temperature is the most
significant problem associated with the use of high
power LED lamps, this heat needs to be removed
from the LED lamps via appropriate coolants.

High pressure sodium (vapour) lamps, fluores-
cent lamps and metal halogen lamps are used in tun-
nels. The use of LED luminaires in place of flu-
orescent lamps in railway tunnels was reported
to provide energy savings and easy maintenance
[7]. In another study, the performances of different
luminaires, such as fluorescent, sodium vapour and
metal halogen lamps, were compared at different
heights according to their uses in submarine tunnels
and other tunnels [8].

The drivers in the LED have dimming capabili-
ty, allowing users to control the lumen output as de-
sired. The fixtures are also available with optional
lumen packages to maximize energy savings. Tun-
nel Pass LED luminaires can be ceiling or wall —
mounted and are intended to be used to replace
100 W and 400 W high pressure sodium (vapour)
lamps. In the present study, an investigation was
conducted to compare energy efficiency in 150 W
and 400 W sodium (vapour) lamps and LED lumin-
aires. In the threshold luminescence zone of the tun-
nel, a counter beam illumination system was used,
while a symmetric illumination system was used
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in the other zones of the tunnel. For safety purpos-
es, an automated system was designed with the in-
tent of preventing glares from occurring when dri-
vers entered the tunnel from the outside.

2. THE DETERMINATION OF
PARAMETERS FOR THE DESIGN

Tunnel lighting was performed using the tun-
nel v3 software, which is capable of making cal-
culations, designs and reports in accordance with
CIEO088 standards, developed by the Schreder Com-
pany [9]. The Halit Ulukurt tunnel in Istanbul,
which consists of two tubes, was used for the study.
The first tube is 690 meters and second — 720 meters
[10]. The total tunnel width is 10 meters, and each
tube has two-lanes, with each lane having a width
of 3.75 meters.

2.1. The Calculation of Stopping Distance
Value

Stopping distance is the distance in which the
driver of the car travelling at a constant speed can
stop safely in the case of an object before them [2].
Two important parameters need to be known when
calculating stopping distance:

1. Tunnel lighting design speed (TLDS);

2. The highest road slope value of the road
within the tunnel design limits at the tunnel en-
trance and exit.

Calculation of stopping distance is shown below
in expression (1). The first sum parameter indicates
the distance elapsed from the time the driver notic-
es the object ahead of them until the time the driver
applies the brakes; the second sum indicates the dis-
tance covered by the car after applying the brakes
and coming to a stop covers until stop.

2

SD=u-tj+— 9
. °+2'g'(fis)’

e)
where,
* S D is stopping distance,
* U is tunnel lighting design speed [m/s],
f is friction coefficient,
t is reaction time,
s is road slope,
g is gravitational acceleration [m /s*].

The worst road slope for a sample tunnel stop-
ping distance calculation, s = 0.5 %, and tunnel
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lighting design speed, u = 70 km/h, was used. Fric-
tion coefficient f is taken as 0.35. Reaction time, t
is taken as 1 s. Stopping distance SD was calculated
using equation (1):

SD =75.25m, )

2.2. The Calculation of the Threshold Zone
Luminance Value

In all calculations related to tunnel lighting de-
sign, the determinant parameter is threshold lumi-
nance value (L; ). This value is calculated by ap-
plying the perceived contrast method suggested
by CIEO88 publication [2]. This method involves
first, drawing homocentric circles on the “special
photograph”, which is taken from a point designat-
ed to show length of stopping distance from tunnel
entrance, to represent “driver’s angle of view”, and
then conducting an evaluation of these measures
in terms of luminescence. In this method, 10 homo-
centric circles need to be drawn on the special pho-
tograph [2].

Circles were obtained via graphical method
by drawing the o angle at 2°, 3°, 4°, 5.8°, 8°, 11.6°,
16.6°, 24°, 36° and 56.8°, as shown in Fig. 1.
Table 1 shows the calculated diameters of circles
to be drawn based on the width of the tunnel en-
trance and the value corresponding to the photo-
graph, with respect to the angle of the spaces.

Fig.2. shows the circles drawn on the photo-
graph. The circle with the largest diameter was di-
vided into parts by drawing 12 lines with a 30° an-
gle passing through the centre. Perceived luminance
values corresponding to these parts were calculated.
The calculation of the luminance value was done
based on the values in Table 2. Circles were num-
bered from 1 to 9, starting from the centre and mov-
ing outwards. Every outer circle, which was divi-
ded into 12 equal parts, was numbered from 1 to 12
in a clockwise direction starting from the top.

Lyq (total equivalent veiling luminance level,
cd/m?) is the function of the sum of luminance
of the parts, except the largest two and smallest two
parts obtained by drawing lines on 10 equivalent
circles with an angle of 30°, since these parts are as-
sumed to be outside of visual fields.

L =5,1.107* XL, 3)

ije>

Fig 1. Top view of angle-diameter-tunnel entrance width

Fig.2. Circles drawn on the photograph of the Istanbul

Beykoz tunnel entrance

Table 1. Diameters of circles
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Stopping Diame- Calculated
Angle a Distance, ters R. m diameters
SD, m ’ of circles, m
2 75 2,62 13,09
3 75 3,93 19,64
4 75 5,24 26,19
5,8 75 7,60 37,99
8 75 10,49 52,45
11,6 75 15,24 76,18
16,6 75 21,88 109,41
24 75 31,88 159,42
36 75 48,74 243,69
56,8 75 81,10 405,52
Lije :TWS.LU- + Lys» 4)
Ly
®)
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Table 2. Examples of luminance at tunnel portals [2]
0 . . - 0 2
]?nvmg direc L, (sky) L, (road) L. (environment) ked/m
tion (Northern 3 )
hemisphere) ked/m ked/m Rocks Buildings Snow Meadows
15 (V)
N 8 3 3 8 15(H) 2
10 (V)
E-W 12 4 2 6 15(H) 2
5(V)
S 16 5 1 4 15(H) 2

L :(Tws'Latm+L\Ns+Lseq)’ (6)

" (rws Tatm )

where

Lyeq 1s the total equivalent veiling luminance le-
vel [cd/m?],

Lije is the luminance of each part in front of the
eye in the vehicle [cd/m?],

L is the average luminance of each part me-
asured in front of wind screen, outside of the vehi-
cle [cd/m?],

L, is the “cover luminance” in the vehicle’s
wind screen [cd/m?],

L, is the total luminance in front of the eye [cd/
m?],

T, 15 the transmission factor of the vehicle’s
wind screen,

p 1s the reflection factor,

0, is the contrast revealing coefficient,

C,, is the perceived contrast value.

If the measurement was not able to be per-
formed for the design part, values indicated by the
CIEO088 publication were accepted. Atmosphere
permeability 7., =1, the permeability of wind
screen 7, = 0.8, and reflection factor of a danger-
ous object is equal to 0.2. “Contrast factor” can be
“min 0.6” in an opposite direction system and “max
0.2” in a symmetric system. Luminensence valu-
es of the surrounding the environment are shown
in Table 2. It is suggested that minimum value
of perceived contrast value, C, be 28 % and have
a negative value [2].

Lije =Tws‘Lij + LWS 5 (7)
Lije = 146,58 cd/ m?, (8)
Lyeq = 74,756 cd/m®. ©)

Fig.3. Circles drawn on the photograph of the Istanbul
Kavacik tunnel entrance

Calculation of Ly is performed after calculating

Lyq value.

Using equation (6),
L,, =320,94. (10)

Using equation (5),
Ly =146,4cd/m>2 (11)

Value of Ly, at the Beykoz tunnel entrance was
found to be equal 146.4 cd/m?2. However, for the
ease of the calculations, Ly, =146 cd/m? was used.
Likewise, in the calculation performed for the Ka-
vacik tunnel entrance, Ly, =133 cd/m? was used.
Values obtained based on the calculations are lis-
ted below:

Ly,: 146 cd/m? Beykoz tunnel entrance (First
tube)
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Table 3. The fifth step luminance value
Luminance Average (A), Min/Avr, Max/Avr, Min, Max,
cd/m? % % cd/m?2 cd/m?2
Putative observer-1
(=60.00:1.88:1.50) 3,48 69,06 50,78 2,4 4,73
Putative observer-2
(£60.00:5.63:1.50) 3,48 69,06 50,78 2,4 4,73

Fig.4. CIE088 curves for first tube

Ly,: 133 cd/m? Kavacik tunnel entrance (Sec-
ond tube)

Linterior part: 3-45 cd/m?* (Interior Part Lighting Lu-
minance Value)

Lnigne : 1.74 c¢d/m? (Night Lighting Luminance
Value)

2.3. Luminance Values of Lighting Levels

The stepped system was designed for the pro-
vision of variable luminance values in the light-
ing of the tunnel. At the same time, the lowest le-
vel luminaires at the low luminance level were used
to provide energy efficiency and obtain a desirable
luminance value.

The design was composed of as six steps in ac-
cordance with CIE publication [2]. These steps are
100 %, 75 %, 50 %, 25 %, daytime and night steps.
The step values of the first tube of the sample tunnel
were as follows:

1. Step Lygge,: 146 cd/m?,

2. Step Lyso, : 109.5 cd/m?,

3. Step Lsgo, : 73 cd/m?,

4. Step Lygo, : 36.5 cd/m?,
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5. Step Lyaytime : 3.45 cd/m?,

6. Step Lnighe : 1.74 cd/m?.

Based on the standards, the Fifth Step Lgaytime
is shown as 3.48 c¢d/m? (Table 3), and the Fifth Step
luminance value in the sample tunnel was found
to be 3.45 cd/m?2. Since 3.48 is larger than 3.45
cd/m?, the latter value can be chosen for daytime
step in accordance with the standards.

Based on the calculations, sixth step Lpigne was
found to be equal to 1.74 cd/m?, the same as the
average value in Table 4.

The conformity to the CIE-088 standard of all
steps was tested according to the CIE curves. The
CIE-088 curve is highlighted in red and indicates
the desired luminance level throughout the tun-
nel for the ideal design. The limit curve, highlight-
ed in orange, is the maximum luminance level that
should not be exceeded in any of the steps. In ad-
dition to the red and orange highlighted curves, the
100 % step, 75 % step, 50 % step and 25 % step are
highlighted in blue, green, yellow and pink, respec-
tively (see p.68). Luminance level curves obtained
after applying the LED lamp design are given for
the first tube and the second tube in Figs.4,5 respec-
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Table 4. The sixth step luminance value
Luminance Average (A), Min/Avr, Max/Avr, Min, Max,
cd/m? % % cd/m? cd/m?
Putative observer-1
(—60.00:1.88:1.50) 1,74 69,06 50,78 1,2 2,37
Putative observer-2
(=60.00:5.63:1.50) 1,74 69,06 50,78 1,2 2,37

tively. In both curves, as one-to-one luminance le-
vels of the CIEO88 curve at 100 % step were able
to be obtained. It was determined that lighting de-
sign and luminaire numbers for both tubes were
in accordance with the standards.

3. COMPARISON OF THE LUMINAIRES
WITH HIGH POWER LEDs AND
SODIUM VAPOUR LAMPS

The lighting design with high power LED lu-
minaires was developed using Tunnel v3 Comput-
er software.

At the completion of the design, it was deter-
mined that 140 and 128 LED lamps had 213 W pow-
er and 700 mA nominal drive current for the first
tube and the second tube, respectively; 102 and 128
LED lamps had 75 W power and 500 mA nominal
drive current for the first tube and the second tube,
respectively. The unit energy consumption of lu-
minaires using LED lamps with 700 mA nominal
current was 213 W-h, while the unit energy con-
sumption was 75 W-h using LED lamps with 500
mA nominal drive current.

In the sample tunnel, to date, high pressure so-
dium vapour lamps using 400W and 150W power
have been used in luminaires. The number of lumin-
aires using lamps having 400W is 64 and the unit
energy consumption of such luminaires with bal-
last and blaster is 434.5 W-h. On the other hand, the
number of luminaires using lamps having 150 W
is 44 and the unit energy consumption of such lu-
minaires with ballast and blaster is 170.6 W-h [10].

The comparison of the annual energy consump-
tion of high power LED luminaires and the high
pressure sodium vapour lamps used in the sample
tunnel is shown in Table 5. Energy consumption va-
lues of the sample tunnel were obtained from the
Istanbul Tunnel Management and Operations [10].

Based on the annual operation time, energy con-
sumption is 207563 kWh when sodium vapor lamps
are used, while it is 113096 kWh when LED lamps

are used. From these results, it is clear to see that
LED luminaires provide 45.5 % in energy savings,
a significant figure, considering that most countries
are in the process of trying to reduce as much as
possible their energy consumption to very low valu-
es by applying energy efficiency programs.

The 45.5 % value achieved in energy savings
with the use of LED luminaires in the sample tunnel
is a considerably high number when taking into ac-
count the importance of conserving energy in to-
day’s world.

CONCLUSION

In the present study, a stepped lighting system,
using automated high power LED luminaires was
designed for an urban tunnel. The luminance valu-
es obtained from the design coincide with the CIE
curves in the CIE088:2004 Guide for the Light-
ing of Road Tunnels and Underpasses. The results
of the study found that the LED lamp based light-
ing design achieved the luminance values specified
by the International Commission on [llumination.

Stopping distance was calculated as 75.27 m,
while threshold luminance values were found to be
146 and 133 c¢d/m? for the first tube and the second
tube, respectively.

In the study’s sample tunnel, lighting is per-
formed by high pressure sodium vapor lamps. Cal-
culations were conducted in this study to deter-
mine the change in energy efficiency between the
use of high pressure sodium vapour lamps and LED
luminaires.

It was observed that the annual energy con-
sumption would decrease by 45.5 % should the cur-
rently used high pressure sodium vapour lamps be
replaced with high power LED lamps. As a major-
ity of countries have sought to discover new ways
to decrease their energy consumption and CO,
emissions, the 45.5 % in energy savings achieved
by LED lamps is considerably significant. LED
lamps are a viable, easy- to- use alternative for tun-
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Table 5. Energy consumption values based on the steps [10]
Sodium Vapour Lamp LED Lamp
Steps A;:: ?Il*igll;e;a- Consumption, Consumption,
> Power, W KW-h Power, W KW-h
Night 8760 399 82335 2925 25623
Daytime 4400 9399 41356 2925 12870
25% 3500 8829 30902 7668 26838
50 % 2800 8828 24718 7542 21118
75 % 2000 8829 17658 8694 17388
100 % 1200 8828 10594 7716 9259
Total 207563 113096

nel lighting due to their longer life spans, higher co-
lour rendering and higher efficiency factors compa-
red to other lamps.
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ABSTRACT

The idea of upgrading serial continuously ope-
rating IR searchlights to work in pulse mode with
a big relative pulse ratio is considered. A technique
for establishing a maximum permissible pulse radi-
ation flux without detriment to the searchlight’s re-
liability is presented. An example of such upgrade
is given. A 36-fold increase of the IR searchlight
pulse radiation flux is obtained. This increase has
essentially strengthened IR illumination (IR “lo-
cal illumination”) of television observation objects,
on retention of the power supply output and reduc-
tion of optical noise influence. The main characte-
ristics of the upgraded IR searchlight are as follows:
pulse radiation flux is more than 460 W and pulse
duration is (0.15-10) ps.

Keywords: IR searchlight, pulse mode, increase
of radiation flux, technique of determining limit ra-
diation flux

1. INTRODUCTION

Powerful pulse IR radiation sources are broad-
ly used in dual purpose optical systems. Powerful
pulse IR diodes (IRD), which have lately appeared
with nanosecond switching time, are gradually forc-
ing laser radiators out from the IR illumination de-
vices group. The IRDs have a lower cost, longer
life time, and allow obtaining better images of il-
luminated objects due to a lesser monochromatici-
ty of the radiation. The use of an active pulse obser-
vation mode in this case gives considerable benefits
when working under conditions of limited visibility
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and of strong optical noise, as well as providing in-
creased stealth of observation.

The main problems of high power IR searchlight
(IRS) development, which limit their application are
forming a necessary radiation indicatrix for a large
number of IRDs and the complexity of implement-
ing as much as possible permissible radiation flux
of every IRD with a preset radiation pulse duration.

To solve the first problem, focusing lens systems
are used in IRD to summarise IRS radiation flu-
xes by selection of placing the latter and the dis-
tance between them and the lenses. Development
of such complex focusing systems is reasonable for
serial IRSs production, however, in some cases it
is more practical to modify continuous operation se-
rial IRSs with ready focusing systems for pulse ope-
ration mode.

To solve the problem of maximising pulse radi-
ation flux (PRF), it is necessary to know the corre-
sponding IRD watt-ampere characteristics in pulse
operating mode, which are absent from the refe-
rence books. Manufacturers as a rule advertise the
power consumption, pick-up range and IRS radia-
tion indicatrix. The lack of information on report-
ed characteristics and often their discrepancy with
real values, makes it necessary to determine experi-
mentally the maximum IRD PRF for a preset pulse
duration.

The purpose of this paper is to assess the possi-
bility of upgrading serial continuous operation IRSs
for pulse mode work with as high as possible per-
missible PRF without detriment to the IRS’s work.
To achieve this purpose, a technique of determin-
ing possible limits of a specific IRD (1), pulse
power supply circuit to obtain maximum PRF for
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a)

b)

c)

Fig. 1. Voltage oscillograms at the photodetector output:
a— a weak heating of the diode crystal, b — highest permissible heating of the diode crystal,
¢ — temperature of the crystal is higher than permissible

Id, A

ud, v
a)

PRF, W

Ipuise, A
b)

Fig. 2. Experimental characteristics of the pulse mode:
a — voltage-current characteristic of IR diodes, b — watt-ampere characteristic of IR searchlight

parallel-series IRD connection (2) and structure
of modified IRS (3) are developed. The characteris-
tics of the latter are also studied.

2. TECHNIQUE FOR DETERMINING
DIODE PULSE IR RADIATION FLUX
LIMIT

The radiation level of powerful IRDs increa-
ses linearly with growth of their forward current
until a certain temperature increase of the crys-
tal active area. In the continuous operation mode,
IRD maximum radiation flux is limited by its ac-
tive area resistance increase with the crystal warm-
ing-up, which reduces IRD efficiency down to seve-
ral percent. In the case of power supply big relative
pulse duration in the event of “quasicold” opera-
tion mode, IRD warming-up is almost excluded,
and its peak PRF can be increased proportionally
with relative a pulse duration of the forward pulse
current by tens and hundreds times [1].

However, with excessive amplitudes and pulse
duration of the power supply, IRD total failu-

77

re is possible even in case of single pulse power
supply.

The process of the IRD crystal warming-up can
be visually observed in the change of the IRD PRF
configuration when supplying pulse current. The
decrease inefficiency as a result of the warming-up
is connected with an increase of PRF peak de-
crease level, Fig. 1. The crystal temperature is close
to its limit when this decrease achieves a critical
level (30 % — 50 % depending on the IRD struc-
ture), though the IRD case temperature at a big re-
lative pulse duration can be low. In such a mode,
duration of the no-failure operation noticeably
decreases.

It can be determined experimentally that the
PRF oscillogram peak decrease level of (10-15)%
allows obtaining PRF maximum output without
detriment to the IRS lifetime and efficiency. With
a preset duration of the optical pulse, such a de-
crease determines the limit pulse current of a spe-
cific IRD and its voltage. As an example, we will
consider IRS upgrade of the PIK-10 type developed
by Tireks Research-and-Technology Company, with
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Fig. 3. Electric circuit of the searchlight with power supply switch

a)

b)

Fig. 4. Appearance of the searchlight with optical system removed before (a) and after upgrade (b)

a continuous radiation flux (wave length is 850 nm)
of (700-800) mW power of every used IRD, with
forward current of 800 mA and power consump-
tion of 4 W. The device containing 24 IRDs provides
(17-20) W radiation flux in a continuous mode. Ex-
perimentally measured current-voltage curves of se-
parate IRDs in pulse mode with pulse duration of 10
us, relative pulse duration of more than 100 and
optical pulse peak decrease level of 20 % are gi-
ven in Fig. 2a. Watt-ampere characteristics of the
searchlight consisting of 18 IRDs in pulse mode are
given in Fig. 2b. It can be seen from Fig. 2 that as
a whole, in this case maximum power supply pulse
current of a single IRD |y amounted to 12 A with its
voltage Ug of 17 V, and IRS PRF in pulse mode was
460 W (general power supply pulse current |, = 72
A), i.e. at a smaller IRDs number (18 instead of 24)
it increased by an order of 36.

3. SEARCHLIGHT CIRCUIT

The modified IRS is manufactured as two units:
a generator of control pulses and searchlight itself
with a power supply switch (Fig. 3). The pulse gen-
erator consists of a network power supply, a pulse-
train generator with repetition frequency tuning,
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a master pulse shaping unit, an electronic delay line
and of a pulse duration shaping unit [2].

For PRF adjustment, to obtain a maximum ob-
ject image contrast under different observation con-
ditions, a switch supply voltage adjustment is used
[3]- The highest permissible IRD pulse current with
power supply voltage of 56 V, is 75A.

When upgrading the PIK-10 type IRS for pulse
mode operation, special attention was given to mi-
nimising conductor inductance in the VT1 transis-
tor output current circuit. The switch is installed
into the IRS case at the current stabiliser place.
To decrease the inductance, location of the switch
elements was optimised, IRD conductors were
shortened, and cross section of the printed circuit
board conductors was increased by additional con-
ducting bundle soldering. The lower side of the
printed circuit board is metallised and connected
to the general wire and to the IRS case. DAL micro-
circuit power supply leads are blocked with chip ca-
pacitors with a low inner inductance. IRS pictures
with the removed optical system before and after
the upgrade are given in Fig. 4.

A modified IRS view with installed optical sys-
tem is shown in Fig. 5a, and a light spot configura-
tion obtained using this system is shown in Fig 5b.
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Fig. 5. Appearance of the searchlight with installed optical system and configuration of the light spot

The diameter of the light spot at a distance of 2m
is 40cm, which corresponds to the rated indicatrix
of the “initial” IRS radiation.

4. RESULTS OF THE SEARCHLIGHT
UPGRADE

The modified IRS is used in an active pulse te-
levision observation system. The pulse parame-
tres are adapted to the observation conditions us-
ing change of frequency, of input pulse duration and
of puwer supply voltage. Radiation output pulse
duration is adjusted within (0.15-10) ps, and PRF
value — within (10-460) W. Maximum pulses rep-
etition frequency is limited by their relative pulse
duration and with pulse duration of 1 s, it should
not exceed 10 kHz. The radiation angle of the mod-
ified IRSs does not exceed 12°.

5. CONCLUSION

The presented technique allows obtaining a ma-
ximum PRF of the modified IRSs at radiation out-
put pulse preset duration and repetition frequency
with retention of operational reliability. A high PRF
of the modified IRS allows replacing continuous
operational IRSs with pulse IRSs in many applica-
tion aspects and improving image quality of the illu-
minated (IK-highlighted) observation objects.
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ABSTRACT

LEDs have drastically changed the way that we
do lighting. They are dynamic, versatile and colour-
ful. They can easily be dimmed, tuned and pulsed;
they are rugged; they have long lifetimes; and in dif-
ferent combinations they can make vivid and inter-
esting shapes as well as engaging and vibrant illu-
minated scenes.

But they also create problems when it comes
to measurement and standardisation. Not all of these
problems are particularly new or unique, but they
have become more significant or apparent with the
advent of LED lighting and require careful conside-
ration. This paper highlights some of the issues fac-
ing photometric laboratories in the testing of LED
lighting devices and underscores the importance
of standardization.

Keywords: photometry, LED photometry, LED
standardization

1. SPECTRAL MISMATCH ERRORS

Fig. 1 shows the relative luminous efficiency V
(4) curve, which is the spectral luminous efficien-
cy function for photopic vision. This function forms
the basis for all photometry: it is representative
of how our eyes see light, and photopic detectors
such as luxmeters and luminance meters are de-
signed to match this function. Also in Fig.1, an in-
candescent lamp spectrum which is indicative of the
light source that we use to calibrate photometers
(an incandescent source with a correlated colour
temperature of 2856 K) is presented.
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However, the spectrum of LED lamps is very
different to the spectrum of the source used for cali-
brations. Because the spectral response of the pho-
tometer is never perfectly matched to the ideal V
() function this results in errors in the measure-
ment which are called spectral mismatch errors. The
size of the error depends on the spectral response
of the detector and the spectrum of the source be-
ing measured.

Fig.2 (left) shows the V (1) function along with
the spectral response of a hypothetical detector that
has a poor match in the blue part of the spectrum
and the spectrum of a cool white LED. Although
the spectral mismatch is high in the blue and there
is a significant blue peak, the V (1) function is low
in the blue and so the contribution of the blue com-
ponent to the luminous value is much lower than
the longer wavelengths — approx. 1/17th — which
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Fig.1. The V (1) curve, which forms the basis of photom-
etry, and the spectrum of an incandescent source usually
used for photometer calibrations
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limits the error and so in this case the error in mea-
surement will be around 3 %. Another hypotheti-
cal detector, which is poorly matched in the red part
of the spectrum, is shown in Fig.2 (b). Here the en-
tirety of the spectral distribution is in the part of the
spectrum where the detector is poorly matched and
in this case the error in measurement will be around
20 %. This example highlights the fact that spec-
tral mismatch is a much more significant issue for
coloured LEDs compared with white LEDs, but still
for best quality measurements we should take this
into account and make corrections if possible for
measurements of white LEDs.

More information regarding calibration of pho-
tometers, including determination of the spectral
mismatch error, is given in reference [1]. Kriiger
and Blattner [2], offer a method of estimating the
likely maximum spectral mismatch error that could
be encountered for measurement of white LED
sources based on the photometer’s f; value.

2. PULSE-WIDTH MODULATED
SOURCES

LED sources are often pulse-width modulated
(PWM) for thermal management and output dim-
ming control. While this is a nice innovation that
is very useful for lighting designers, it can make life
difficult for photometrists. The PWM effectively
means that the source is being switched on and off
rapidly many times per second and so, depending
on the duty cycle, the instantaneous luminous inten-
sity can be zero for a large proportion of the time.
This has significant effect on the stability of our
measurements if the measurement timing isn’t pre-
cise. See for example the graph of instantaneous lu-
minous intensity vs time for an LED torch with two
levels of operation shown in Fig.3.

When the torch is operating in low power
mode, its peak luminous intensity is actually hig-
her than when it is operating in high power mode.
This is likely because of thermal conditions — the
output is only on for a short time in low power
mode and it drops to zero in between. The measu-
rements of these two modes of operation are shown
in Table 1.

As Table 1 shows, even though the peak lumi-
nous intensity in low power mode is 24 % higher
than the peak luminous intensity in high power
mode, because the duty cycle is so low the amount
of luminous energy emitted is smaller. When the
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Fig.3. Graph of instantaneous luminous intensity vs time
for an LED torch with two levels of operation

data is averaged over a 100 ms time interval it can
be seen that the luminous energy of the output
in high power mode is around six times higher than
the output in low power mode, hence we see the
high power mode as a brighter source.
Photometers are normally designed to meas-
ure light with measurement durations (integra-
tion times) that are an integer multiple of the period
of the mains line power cycle. So in 50 Hz environ-
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Table 1. Summary of measurements of the LED torch with output shown in Fig.3.

Parameter Low Power Mode High Power Mode
Peak luminous intensity: 306 cd 247 cd
Duty cycle: 13.1% 98.2 %
Luminous energy over 100 ms interval: 3.94 cd.s 24.0 cd.s
100 100
80 80 A
> > A
2 2 — e
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Fig.4. Hypothetical source with PWM frequency 116 Hz, 100 cd amplitude and 50 % duty cycle (left) and two measure-
ments of this source with different starting times (right)

ments this will be 20 ms or 40 ms or 100 ms etc. Im-
agine that a photometer which has a 20 ms integra-
tion time is measuring a hypothetical source with
a 116 Hz PWM frequency (period = 8.62 ms), 100
cd amplitude and 50 % duty cycle as shown in Fig.4
left.

Fig.4 right shows an expanded sample of the
start of Fig.4 left along with two measurements
of 20 ms integration time with different starting
times. Measurement A would measure two complete
pulses whereas measurement B would measure 2.6
pulses and so would be 30 % higher than measure-
ment A, even though they are measuring the same
source. We can analyse this further by dividing the
100 ms sample of Fig.4 left into five separate 20 ms
readings, as shown in Table 2.

The average of the values shown in Table 2,
which corresponds to a single measurement of 100
ms duration, is 51.7 cd. The true (long-term) avera-
ge luminous intensity should be 50 cd (100 cd with
50 % duty cycle), so even a measurement of 100 ms
duration has an error of 3.4 %.

The correct procedure in this case is to adjust
the integration time of the photometer so that it ma-
tches the period of the source being measured. If the
photometer integration time can be set to 8.62 ms or
17.24 ms or 34.48 ms etc. then it will be correctly
sampling the source. Often a PWM frequency is not
known and so the optimum integration time needs
to be determined by experiment — adjust the integra-
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Offset

Fig.5. Mock-up of a road lighting luminaire consisting
of separated LED modules

tion time until fluctuations in measurements of the
source are minimised.

3. DIRECTIONALITY OF LED SOURCES

Measurements of luminous intensity distribu-
tions using far-field goniophotometers assume that
the luminaire is “small” compared with the test dis-
tance. There are guidelines for what test distance
should be used, for example CIE121:1996 [3] states
that in general “the test distance should not be less
than 15 times the maximum dimension of the light
emitting area of the luminaire” (referred to as the
15: 1 rule) but this can be reduced to “5 times the
dimension of the light emitting area parallel to the
lamp axis” for sources with near-Lambertian (co-
sine) distributions (the 5: 1 rule).

However, Bergen and Jenkins [4] showed that
even when we use these test distance guidelines
when measuring LED luminaires made up of indi-
vidual LEDs or modules or arrays separated by large
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Table 2. 20 ms samples of the hypothetical source shown in Fig.4 left

Measurement time interval Measurement result
0 ms to 20 ms 56.9 cd
20 ms to 40 ms 50.9 cd
40 ms to 60 ms 43.1cd
60 ms to 80 ms 55.1cd
80 ms to 100 ms 52.7cd

non-luminous areas, we can encounter significant
errors. Consider a mock-up of a road lighting lumi-
naire shown in Fig.5. Even though this may seem
to be an extreme case, the author has seen examples
of road lighting luminaires like this, that have se-
parate LED modules to produce highly directional
beams in the direction of the intended throw of the
luminaire on either side.

When it is being measured on a goniophoto-
meter, the luminaire will be positioned so that its
photometric centre is at the reference point of the
goniometer. But when the goniophotometer is mea-
suring the part of the beam in the direction of the
arrows shown in Fig.5, the light is clearly coming
from a distance closer to the detector than the re-
ference position of the goniometer. This can cre-
ate measurement errors which are more significant
when the test distance is short, but even when us-
ing the 15: 1 rule for test distance, an error of up
to 6.1 % in beam peak intensity could be encoun-
tered for a road lighting luminaire with a beam cen-
tre elevation angle of 60° [4].

There is a further error that can be encountered,
and that is the determination of the cut-off angle or
the beam centre angle of the luminaire; for this re-
fer to Fig.6. The luminaire’s cut-off angle is shown
by the angle A in Fig.6, however, the goniopho-
tometer will measure it at angle B. Although Fig.6
is highly exaggerated because the detector is very
close, the errors encountered in practice can still be
significant: when using the 15: 1 rule for test dis-
tance the error in beam centre elevation angle could
be up to 0.96° [4].

Bergen and Jenkins [4] introduce the idea of a “D
+ S” in the determination of the minimum test dis-
tance required, where the maximum width of any
non-luminous areas (S) is added to the luminous
size of the source (D) when calculating the test dis-
tance. For the mock-up luminaires shown in Fig.5
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Fig.6. Mock-up of a road lighting luminaire showing incor-
rect determination of cut-off angle or beam centre angle

and Fig.6, the non-luminous space S is approxi-
mately equal to the total width of the light emitting
area D and so the required test distance is practi-
cally doubled. This “D + S” concept is incorpo-
rated into the requirements for test distance for
goniophotometry in CIE standard S025 [5] for pho-
tometry of LED lamps, LED modules and LED
luminaires.

4. VARIATION OF COLOUR WITH
ANGLE

Traditional sources, i.e. fluorescent, incandes-
cent and HID lamps and luminaires containing
such lamps, have an output whose colour is usu-
ally reasonably invariant with angle. This means
that in a room full of luminaires with the same type
of lamps, or in a roadway lit by an array of road
lighting luminaires with the same type of lamps, the
colour of the luminaires will look reasonably con-
sistent. This is not always the case with white LEDs
where, although there has been improvement in re-
cent years, the output of an LED lamp or luminaire
can vary considerably with angle and so the eye can
often easily detect a colour variation when looking
across a room lit by LED devices. Fig.7 shows

This variation in colour with angle means that it
is now required to measure the chromaticity of LED
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Colour Temperature, K

Elevation Angle (°)

Fig.7. Example of how the correlated colour temperature
of an LED lamp may vary with angle from the lamp axis

lighting devices at different angles from the de-
vice in order to determine the colour spatial uni-
formity. Thus goniospectroradiometry has become
more commonplace and now it is standard to install
a spectroradiometer as well as a photometer in a go-
niophotometer. Methods of determining the colour
spatial uniformity are given in, for example, CIE
S025 [5] and IES LM-79 [6], although note that the
method given in S025 is more rigorous (more cor-
rect) than that given in LM-79.

5. THERMAL EFFECTS

LED lighting devices are temperature-sensitive,
i.e. their luminous output changes with the tempe-
rature of the device. After the device is switched on,
its temperature increases as it stabilises and its out-
put will normally decrease as the temperature ri-
ses. An example of this is shown in Fig.§, where
an LED device takes over an hour and a half to sta-
bilise and its output drops by around 20 % in that
time.

It is therefore important that stabilisation con-
ditions are well established and are followed when
measuring an LED lighting device. CIE S025 [5]
considers an LED lamp or LED luminaire to be
stable when:

e It has been operating for at least 30 minutes
and;

e [ts variation in luminous output is less than
0.5 % over the past 15 minutes;

e [ts variation in electrical power is less than
0.5 % over the past 15 minutes.

But in addition to the stabilisation time, there are
other aspects which affect the device’s output and
which need to be considered, including:

e Ambient air temperature, which must be
within standardised limits;
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Fig.8. Decrease in luminous intensity of an LED lighting
device as it warms up

e Air flow, which may be caused by air condi-
tioning or other draughts or by the device itself be-
ing moved by a goniophotometer;

e Thermal conduction, which may be caused
by a lamp holder or other mounting jig touching the
device and transferring heat away from it.

6. ABSOLUTE PHOTOMETRY

Parameters of luminaires, employing traditional
light sources such as fluorescent lamps, HID lamps
and other standardised replaceable sources of light,
would be normally measured using methods of re-
lative photometry. In these cases the luminous in-
tensity data are pro-rated according to the luminous
output of the lamp(s) in the luminaire and saved as
candela per 1000 bare lamp lumens. The advantage
of this is that a lighting designer or architect can
then use the rated data for the type of lamp that they
intend to use in an installation and scale the pro-rat-
ed data to what it will be in the actual installation.

But integrated LED luminaires do not use re-
placeable light sources — they are designed to be
discarded and replaced at the end of their lifetime.
It is not always possible, or accurate, to remove
the LED modules and conduct relative photome-
try — and nor is it required, since the luminaire me-
asured in the lab will be (nominally) the same as
the luminaire installed in the room or roadway, or
stadium etc. Therefore, measurements of LED lu-
minaires are normally conducted using absolute
photometry — the results reported are the results
measured in the laboratory. Most laboratories are
equipped to perform absolute measurement and
so this doesn’t necessarily create any difficulties
in a measurement sense.

It is also worth noting that in these cases the light
output ratio is effectively 100 %!
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7. THE NEED FOR STANDARDISATION

Historically there were different testing methods
produced for LED lighting devices in different re-
gions around the world. This created trade barri-
ers and made intercomparisons difficult, as the re-
sults measured according to the standard of one
region may not be directly comparable to the re-
sults measured according to the standard of ano-
ther region.

The International Commission on Illumina-
tion (the CIE) is an independent, non-profit organi-
zation recognized by the ISO and the IEC as an in-
ternational standardization body in the field of light
and lighting. In 2011 it established a technical com-
mittee, TC2-71 “CIE Standard on Test Methods
for LED Lamps, Luminaires and Modules”, with
the goal of writing a standard test method for pho-
tometric, colorimetric and electrical measurements
of LED lighting devices. It was globally repre-
sentative, with 37 members from 16 countries in 5
continents.

The outcome of this was the CIE publica-
tion S025/E:2015 “Test Method for LED Lamps,
LED Luminaires and LED Modules” [5]. S025 pro-
vides a unified global test method for harmoniza-

tion of testing of LED lighting products. Nation-
al and regional standardising bodies and regulators
are encouraged to move to adopting S025 for LED
measurement.
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ABSTRACT

A hardware and software system is presented,
which was developed to test electron ballasts for
low pressure (LP) fluorescent lamps of up to 40 W
and for light emitting diode luminaire control devi-
ces (CD) of up to 200 W power. Structures of the
system and of the operating control software are
described. Test results of 8 W electron ballasts and
of 30 W power control devices are presented. Con-
clusions are drawn on the possible applications
of these products.

Keywords: hardware and software system, con-
trol device, electron ballast, test, diagnostics, Na-
tional Instruments

Two main directions of trend can be observed
in lighting equipment today: the transition to light

emitting diode (LED) sources and replacement
of electromagnetic ballasts for discharge lamps with
electron ballasts [1].

The pursuit of these directions means deve-
lopment of new ballast devices for lighting pro-
ducts, which requires carrying comprehensive test-
ing [2] to determine their electric parameters and
characteristics.

Standard measuring equipment is usually insuf-
ficient for this purpose [3,4]. An additional require-
ment for modern test equipment is automation of the
tests and documenting their results, which requires
including information and measuring facilities.

National Instruments Company, a world leader
in the information and measurement system indu-
stry [5,6], has developed the test equipment given
below based on the hardware and software of this
company.

Fig. 1. Appearance of the ADIP-SVET test hardware and software system
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Fig. 2. A simplified structure of the hardware part of the
test hardware and software system

t, ms

Fig. 4. Oscillograms of input voltage and current of the
control device (CD)

The developed equipment being a measur-
ing hardware and software ADIP-SVET system
(MHSS) is intended to test electron ballasts for
fluorescent lamps (FL) of up to 40 W power and
for control devices (“drivers”) for luminaires with
LEDs of up to 200 W (Fig. 1)!.

I The MHSS is developed according to the scientific and
technological contract between the National Research of Ogarev
Mordovia State University and the NIIIS of A.N. Lodygin State
Unitary Enterprise of Republic of Mordovia to be operated in
the latter.
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Fig. 5. CD input current range (root-mean-square RMS
value)

The MHSS makes it possible to determine:

— Amplitude and root-mean-square values of in-
put voltage and current;

— Effective power consumed from the circuit;

— Power factor;

— Amplitude and root-mean-square values of out-
put electron ballast voltage and current;

— Average value of CD output voltage and
current;

— Ripple factor of CD output voltage and current;

— Frequency of electron ballast output voltage;

— Effective power consumed by the load;

— Efficiency;

— Harmonic distortion factor.

During the test process, on the front panel of the
virtual device besides the calculated parameters, os-
cillograms of input and output voltage and current
are displayed, as well as spectral composition of the
input and output current. In doing so, all measure-
ment information is recorded in the computer me-
mory as a database.

MHSS consists of the following units (Fig. 2):
voltage control instrument (VCI); voltage sensors
(AH1, AH2 and JJH3); current sensors (DT1, DT2
and DT3); commutation unit (CU); measurement
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t, ms

Fig. 6. Oscillograms of CD output voltage and current

t, ms

Fig. 8. Oscillogram of CD output voltage when
switching on

and control cards (UVYII1, UYTI2); personal compu-
ter (PC); CD under test; electron ballast under test;
luminaire LED light source (LED load); FL.

VCI allows testing CDs or electron ballasts
within the whole working interval of input voltage.
Using it, before the tests, a required voltage is set
previously at the ballast input. In order to determine
the VCI output voltage, which is input voltage for
the ballast under test, DH1 is used. Signals from the
latter are transmitted to the personal computer, and
the operator can set a necessary voltage for the test
according to indications on the front panel of the
virtual device.

Voltage from the VCI unit output, via the DT1
sensor of input current comes to the commuta-
tion unit (CU). The latter is intended to connect the
ballast under test and contains all necessary switch-
ing units. Ballasts under test in Fig. 2 are shown
in the CU as CDs and ballast units. They are con-
nected to an input voltage general bus and to diffe-
rent loads: LED light sources and LLs. When test-
ing, one only device under test should be in the UC
(CD or electron ballast).

To measure output current and voltage of the
ballast under test, DH2 and DT2 are used. And
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Fig. 7. CD output current range (root-mean-square RMS
value)

t, ms

Fig. 9. Oscillogram of CD output voltage when
switching off

to measure output current and voltage of the elec-
tron ballast, DH3 and DT3 are used.

Signals from all DH and DT sensor outputs are
transmitted to the PC, which have UVII1 and UVYII2
built in. UYTI1 is intended to measure CD input
and output voltage and current, and UVII2 is in-
tended to measure the output voltage and current
of electron ballast. UYII2 contains analogy — digital
converter (ADC) with a bigger sampling frequen-
cy than UVYII1, because output voltage frequency
of the electron ballast is significantly higher than
CD input and output voltage frequency. PCI-6143
and PCI-6132 cards of the National Instruments
Company were chosen as measuring cards UVYII1
and UVYTI2 respectively.

The MHSS software is developed in the Lab-
VIEW graphical programming environment and in-
tended to interact with the operator, to control the
hardware in the test process, to store the test results
and to create the test protocol.

It consists of the following main modules:
1) graphic user interface module (GUIM); 2) mea-
suring and control module (MCM); 3) measuring
information processing module (MIPM); 4) do-
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t, ms

Fig. 10. Oscillograms of input voltage and current
of electron ballast

t, us

Fig. 12. Oscillograms of output voltage and current
of electron ballast

cument and protocol module (DPM); 5) database
(DB).

The interaction between the software modules
and the MHSS hardware unit (HU) and with the op-
erator is represented by the diagram in Fig. 3.

Based on the information entered through the
GUI (type of device under test, rated electric para-
meters of the ballast under test, loading type of the
device under test, rated electric parameters of the
loading, as well as parameters of the protocol), the
measure and control module (MCM) makes the de-
cision on forming a control signal to connect a cer-
tain measuring channel and to switch on or switch
off the device under test to the input voltage source.
The main objects of MCM control are measuring
and control HU cards. They are controlled by the
specialised DAQmx CD.

The measuring information obtained from the
MCM during the tests is recorded to the hard drive
and transformed in parallel by the MIPM into cal-
culated electric parameters and diagrams, which are
displayed for the operator using the GUIM module.

Using the DPM, the operator can save the test
results in the DB. For the storage convenience, the
operator can group them as separate groups united
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Frequency, khz

Fig. 11. Electron ballast input current range (root-mean-
square RMS value)

Frequency, khz

Fig. 13. Electron ballast output current range (root-mean-
square RMS value)

in a single DB. And in doing so, for these groups se-
paration convenience, an additional possibility ex-
ists to create new DBs.

After the test results are saved in a DB, the oper-
ator has an opportunity to form a test protocol.

In order to demonstrate the MHSS work, ballasts
of Chinese production were tested: CDs of 30 W
power and electron ballasts of 8 W.

In Fig. 4-9, diagrams obtained as the CD test re-
sults are shown. On the basis of these diagrams, the
following calculated electric parameters of the dri-
ver under tests were obtained:

— Input voltage root-mean-square value: 220 V;

— Input current root-mean-square value: 133 mA;

— Amplitude of input current: 174 mA;

— Effective power consumed from the circuit:
29 W;

— Power factor: 0.97;

— Average output voltage: 32 V;

— 710 MA average output current: 710 mA;

— Amplitude of output voltage ripples: 1.46 V;

— Amplitude of output current ripples: 0.192 mA;

— Ripple factor of output current: 27 %;

— Root-mean-square power consumed by load-
ing: 23 W;
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t, ms

Fig. 14. Oscillogram of electron ballast output voltage
when switching on

— Efficiency: 78 %;

— Harmonic distortion factor: 33 %.

Input current has an almost sinusoidal configura-
tion (Fig. 4), and therefore the power factor is high
(0.97). However, presence of high-frequency com-
ponents (up to 4 kHz and more) in the input current
is quite significant. Output current (Fig. 6) pulses
rather strong (ripple factor is 27 %). Thus, in accor-
dance with the Building regulations [7] the CDs un-
der test, in luminaires with LEDs should not be used
in the Russian Federation. Other measured electric
parameter values of this CD presented correspond-
ed to the declared (rated) levels.

Figs. 10—15 show the diagrams obtained as a re-
sult of electron ballast tests. Calculated parameters
of the electron ballast under test are as follows: in-
put voltage root-mean-square value is 220 V; in-
put current root-mean-square value is 53 mA; input
current amplitude value is 151 mA; effective pow-
er consumed from the circuit is 7.4 W; power fac-
tor is 0.64; output voltage root-mean-square value
is 51 V; effective value of output current is 101 mA;
output voltage amplitude value is 80 V; output cur-
rent amplitude value is 0.157 mA; output voltage
frequency is 26.6 kHz; effective power consumed
by the load is 4.9 W; efficiency is 66 %; harmonic
distortion factor is 95 %.

It can be seen from the test results that the elec-
tron ballast under test does not contain a power
adjuster as the current consumed from the circuit
is non-sinusoidal, which causes a low power fac-
tor (0.64) and a rather broad range of current and
voltage.

Additionally, as can be seen from Fig. 14 and 15,
this electron ballast lights FLs steadily but is not in-
tended to provide additional modes to increase their
life time.
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t, ms

Fig. 15. Oscillogram of electron ballast output voltage
when switching off

Application of the ADIP-SVET MHSS by light-
ing companies will allow for:

1) Considerable reduction in test and diagnostics
time of CDs for luminaires with LEDs and of elec-
tron ballasts for FLs;

2) Essential simplification of measurements, in-
formation processing and results visualisation due
to the use of modern computer technologies;

3) Determining characteristics and values of all
key CD and electron ballast parameters using one
system (without any additional equipment);

4) Rejection of potentially unreliable CDs and
electron ballasts and carrying out manufacturing
quality control of these products;

5) Increased reliability and energy efficiency
of FLs and luminaires with LEDs.
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ABSTRACTS

This paper presents the comparison of LED dri-
ver topologies that include buck-boost and SEPIC
converters. Both topologies are connected to grid
over single phase diode rectifier and designed for
8W power. Furthermore, buck-boost and SEPIC
converters operate with 63 kHz switching frequency
and inductors of SEPIC are wounded as coupled. By
means of the implementations, power factor (PF)
and total harmonic distortion (THD) of current and
voltage, power LED voltage and current are shown
for both topologies. Comparison is also made be-
tween IEC61000-3-2 standard, buck-boost and SE-
PIC converters. Besides, electrical circuit model
of power LED is derived by using its current-volt-
age characteristic.

Keywords: LED driver, PFC, buck-boost con-
verter, SEPIC converter, power factor, THD

1. INTRODUCTION

Recently, power LEDs in illumination have been
taking much attention due to their high efficiency
feature with respect to other illumination methods
such as fluorescent, incandescent and metal hali-
de bulbs. However, power LEDs need dc power for
their operation. This dc power can be mostly ob-
tained after rectification process of single phase AC
power. In this rectification process if uncontrolled
rectifiers are directly used, this will cause harmonics
on grid current and reducing power factor. Further-
more, grid current harmonics are limited by interna-
tional standards such as IEC61000-3-2. To avoid
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this problem, high power factor or power factor cor-
rection (PFC) circuits can be used as a LED driver.
Besides, PFC circuits in single phase can be realized
by using any dc-dc converters after uncontrolled
bridge rectifier. In literature, some studies are con-
ducted on this topic as follows.

Using PFC converters as LED driver that in-
clude buck and buck-boost converter is designed
in [1]. In [2], the implementation of Cuk converter
based LED driver presented. LED drivers that con-
sist of Flyback and SEPIC converter are realized
in [3—4]. Also in [5], combination of buck and Fly-
back converters as an LED driver is implemented.
AC-DC and DC-DC converters are used as an LED
driver in [6]. PFC converters that include basic dc-
dc converters are presented and compared by their
advantages and disadvantages in [8—10]. Besides,
detailed analysis, design and operation of dc-dc
converters are clarified in [11]. Comparison of ba-
sic dc-dc converters that includes buck, boost,
buck-boost, SEPIC and zeta with PFC for supply-
ing high pressure sodium lamps is presented [12].
Also, another comparison in [13] is made for buck-
boost, SEPIC, Cuk dc-dc converters that drive pow-
er LEDs.

In this paper, comparison of LED driver topolo-
gies that include buck-boost and SEPIC converters
are presented. Both topologies are connected to grid
over single phase diode rectifier and designed for
8W power. Besides, they operate with 63 kHz
switching frequency and use easily found integrated
circuits (IC). With implementations, PF and THD
of grid current and voltage, power LEDs current and
voltage are shown for both topologies. Furthermore,
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Fig.1. Voltage-current characteristic of power LED

comparison between IEC61000-3-2 standard and
results of implementations is made. Electrical cir-
cuit model of power LED is also derived.

This paper is organized as follows. Power LED
current-voltage characteristic and electrical circuit
model are derived in Section 2. LED driver topol-
ogies applied are reviewed in Section 3. Applica-
tions of LED drivers are presented in Section 4.
THDs, power factor and power LED current-vol-
tage of each topology are shown in Section 5. Some
conclusions are given in Section 6.

2. POWER LED

In this chapter, current-voltage characteristics
and electrical circuit model of power LED that are
used for this study are derived by using Fluke 15B
and Fluke 17B.

Fig.1. shows voltage-current characteristic
of a power LED. The characteristic is obtained
by increasing voltage on a single power LED and
plotting voltages versus each current. It is seen from
the figure that LED voltage and current has expo-
nential relation and LED current increase extreme-
ly after LED conducts. Also, LED voltage doesn’t
change much after and up to 340 mA current [14].

By using Fig.1, electrical circuit model of power
LED is derived as in Fig.2. It is understood by this
model that threshold voltage and conductance re-

v, ® L C= [Load]y,

.a)

Fig.2. Electrical equivalent model of power LED

i

Fig.3. PFC Buck-Boost Converter

sistance of power LED are 2.391 V and 1.61Q,
respectively.

3. LED DRIVER

In this chapter, PFC buck—boost and SEPIC con-
verters as a LED driver are introduced. Both drivers
are connected to grid over single phase diode rectifi-
er. By changing duty cycle of each converter dc vol-
tage on power LED can be set to the desired value
while obtaining naturally high power factor on grid.
Furthermore, both topologies can give lower or hig-
her voltage with respect to input voltage.

A. Buck-Boost Converter

Fig.3. shows the buck-boost converter that
consist of inductor L, capacitor C, diode D and S
switch.

Buck-boost converter is connected to grid
over diode bridge and with high frequency ope-
ration of the switch; dc voltage that feeds power
LEDs is obtained. This converter works on prin-
ciple of transferring energy of inductance and can

[Load] v,

+

b)

Fig.4. Switching state a) open, b) closed
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Fig.5. PFC SEPIC converter

be analyzed by the state of the switch that is seen
in Fig.4. If the switch turned on, inductance stores
energy and the switch turns off inductance transfer
this energy to the load.

Furthermore, the voltage on power LEDs can be
adjusted to less or more with respect to input vol-
tage by changing pulse width modulation (PWM).
Besides, high frequency operation also provides
high power factor [8]. However, dc voltage on pow-
er LEDs is reverse polarity with input voltage and
to avoid high frequency noise, input filter needs
to be added.

Passive equipment can be chosen by using fol-
lowing equations (1-2) as in [11]. In equation (1),
L nax 18 the maximum inductance value for dis-
continuous conduction mode (DCM) operation.
Ry min 18 minimum load resistance. D,,,, is maxi-
mum duty cycle. f; is switching frequency.

Rimin (1-Dyay )’
Lmax = ' ‘Lmin ( max %s . (1)
D,.V,
C.. = "max‘o .
min /fS'RLmin'Vripple (2)

In equation (2), C,;, is the minimum capaci-
tor value, D, is also maximum duty cycle,
Rimin 18 again minimum load resistance, V, is out-
put voltage, Vi, is the ripple voltage on output
of converter and f is also switching frequency.

B. SEPIC CONVERTER

Fig.5. shows the PFC SEPIC converter circuit
that has two inductors and two capacitors. Further-
more, inductors in SEPIC converter are wounded as
coupled that means on the same core.

Switch states are shown in Fig.6 when S is turned
on, L, is energized by power source, and L, is en-
ergized by C;. When S is turned off, C; is charged
by power source and L, also currents of L; and L,

a) v,& S %”LZ C,r [Coad]
— g
Ly o D

AL s §||L2 Ct ot

Fig.6. Switching state: a) open, b) closed

flow through D and load, C, is also charged [15—
16]. Furthermore, by operating the switch with high
frequency, PFC process is obtained naturally.

The most important advantage of SEPIC con-
verter over buck-boost converter is to provide out-
put voltage with the same polarity of input voltage.
However, number of passive elements is more than
buck-boost converter. But, having inductor on the
input side provides continuous input current and
helps the reduction of noise [15].

Passive elements in SEPIC converter can be cho-
sen by using equations (3—5) as in [16—17]. In equa-
tion (3), Lymin and Lomin are the minimum L; and L,
inductance values. Dy, is maximum duty cycle.
Vi, is input voltage. Al is the ripple current on in-
ductors. fg, is switching frequency.

V.
lein:LZmin:Dmax' % IL . fsw‘ (3)
l..D
C, > “out—max .
2 %ripple'fsw (4)

In equation (4), C, is the value of C, capacitor,
L,y 18 output current, Vyipye is the output voltage rip-
ple, Dpay is maximum duty cycle, fy, is duty cycle.

1 ..D
=t re v 8

In equation (5), C, is the value of capacitor C;,
I,y 18 output current, Dy, is maximum duty cycle,
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AV, is voltage ripple across Cy,
fyw 18 switching frequency.

4. APPLICATION

In this chapter applications
of LED drivers that use buck-
boost and SEPIC PFC as con-
verter are realized. Fig.7. shows
the experimental setup. Both
converters are connected to grid
over step down transformer
220/24 50Hz. Furthermore, as
a load, three series connected
power LEDs tied with two parallel branches. It
is understood from Figs.1,2 that maximum 3V is re-
quired for best operation, therefore in applications,
power LEDs are supplied up to 10V. Also, applica-
tions are conducted by easily found and cheap ICs
that are SG3524, IR2117, TC4427 and LM317.

4.1. PFC Buck-Boost Converter

Application circuit of buck-boost PFC based
LED driver is shown in Fig.8. It is understood that
open loop operation is realized and SG3524 IC
is used for PWM signals. Besides, EMI filter, IR-
F540N Mosfet, IR2117 Mosfet driver, Mur460 fast
diode, 100uH inductor, 1000 uF capacitor are inclu-
ded in the application circuit [18-21].

The duty cycle is changed by the potentiometer
connected to SG3524 and PWM frequency is set
to 63 kHz. To reduce high frequency noise and
avoid discrete current on grid, © type of EMI fil-
ter is used as in [22]. Besides, passive elements are
used after calculation by equations (1,2).

4.2. PFC SEPIC Converter

Fig.9. shows the application circuit of SEPIC
PFC based LED driver. This application is also real-
ized by open loop algorithm. Furthermore, SG3524
IC is used for PWM signals and IRF540N Mosfet,
TC4427 Mosfet driver, Mur460 fast diode, 100pH
inductor, 1000 pF capacitor are used in the applica-
tion circuit [18-23].

The duty cycle is also changed by the potenti-
ometer connected to SG3524 and PWM frequency
is again used as 63 kHz. The same load is used with
buck-boost PFC LED driver. By using equations
(4-5), passive elements are chosen. Without using
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Fig.7. Experimental setup

D
IRF540N
Lyl 3
S MUR460
N
3 I
= IR2117 L cL ,
= I 3
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SG 3524 A
[

L I
LM317

Fig.8. Application circuit of PFC buck-boost converter

| T

| |
LM317 — SG3524 TC4427

Fig.9. Application circuit of PFC SEPIC converter

an EMI filter, SEPIC PFC LED driver can give the
desired results.

5. MEASUREMENT RESULTS

In this section, THDs of grid current and voltage,
power factors, power LEDs voltage and current are
measured for both buck-boost and SEPIC based
LED drivers. For measurement, TPS2024B oscillo-
scope and TPS2PWR1 power application software
are used.
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Tablel. Comparison of grid Current THD’s

m |EC 61000-3-2
u PFC BUCK-BOOST
= PFC SEPIC

5.1. PFC Buck-boost Converter

Grid current THD of PFC buck-boost converter
that is 18.4 % is shown in Fig.10. Also, PF is me-
asured as 0.925. THD of grid voltage is measured as
7.19 % and shown in Fig.11.

Grid current and voltage are shown in Fig.12.
The shape of grid current is similar to grid voltage,
and they are both sinusoidal.

Power LEDs voltage and current are shown
in Fig.13, and it is seen that LED current is not dc
and it has oscillation with 400mA.

5.2. PFC SEPIC converter

Fig.14. shows grid current THD of PFC SEP-
IC converter that is 32.9 %. P.F. is also measured
as 0.912.

THD of grid voltage is shown in Fig.15 and it
is 6.80 %.

Grid current and voltage are shown in Fig.16.
The shape of grid current is similar to grid voltage,
and they are both sinusoidal.

Power LEDs voltage and current are shown
in Fig.17, and it is seen that LED current has oscil-
lation with 200mA.

6. CONCLUSIONS

This paper compares the LED drivers that in-
clude buck-boost PFC and SEPIC PFC converters.
Also, voltage-current characteristics and electrical
equivalent circuit of power LED are derived. With
applications that are realized by using easily found
and cheaper ICs, THDs of grid current and voltage,
power factor, power LEDs current and voltage are
measured. THD’s of grid currents are 18.4, 32.9 %
and THD’s of grid voltages are 7.19 and 6.80 % for
PFC buck-boost and SEPIC LED drivers, respec-
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tively. Furthermore, PF is also measured as 0.925
and 0.912 for buck-boost and SEPIC LED drivers,
respectively. Besides, power LED current oscilla-
tions are 400mA and 200mA for buck-boost and
SEPIC based drivers. PFC buck-boost converter
provides IEC61000 3-2 standard C.

As a result, grid current THD and PF of buck-
boost PFC are better than SEPIC PFC. However,
grid voltage THD and oscillation level of power
LED current in buck-boost PFC are worse than SE-
PIC PFC.

Furthermore, in Tablel comparison of grid cur-
rent THD’s between IEC61000-3-2 C class, PFC
buck-boost and PFC SEPIC LED drivers is given. It
is seen from that table, both LED drivers provides
actual standard IEC61000-3-2. However, 3" har-
monic of PFC SEPIC is little bit higher than the li-
mit of that standard. On the other hand, PFC SEPIC
LED driver application is realized without using in-
put filter. After adding an input filter, it is assumed
that actual standard will be realized completely.
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ABSTRACT

This study proposed a CCT tunable LED light-
ing system, which comprises of Red-Blue-White
(RBW) LED luminaire, LED driver and Dim-
ming-controller-unit (DCU). Here, first RGB LED
at different intensity was blended with Warm-White
(WW) LEDs to produce variable CCT. To achieve
higher CCT than WW colour, it was found that
only blue LED blended with WW LEDs is sulffi-
cient. On the other hand, for lower CCT range,
red LED mixed with WW LEDs is enough. This
new algorithm is capable to produce CCT ranging
from 2700K to 9723K. Measured maximum devi-
ation from set point value was found 18K for Red
LEDs and 344 K for Blue LEDs blending respec-
tively. The LED driver is designed to operate in vol-
tage protection mode and in current control mode
for a typical dimming cycle. The current control
mode is implemented using an op-amp based PI
(proportion-integral) controller.

Keywords: DCU, LED driver, RGBW LED,
current control, PWM dimming, variable CCT

1. INTRODUCTION

Due to rise of energy price researcher are try-
ing to develop new technology and lighting sys-
tems to utilize the electrical energy efficiently [1].
Now a days Light Emitting Diode (LED) gradually
becomes a popular alternative light source over all
other conventional light sources because LEDs are
very energy efficient, start instantly, operate in cold
temperature, have very low UV emission, as well as

99

long life, compact size, light weight, breakage re-
sistance, again they are easily controllable and en-
vironment friendly [1, 2,13] also.

To save electric energy, artificial light may be in-
tegrated with natural daylight. The colour of the ar-
tificial light source should match with that of natu-
ral daylight. The CCT of day light varies throughout
a day, starting from 2000 K at sunrise through 5000
K for direct daylight at noon and can exceed 10000
K in overcast conditions [3]. So, to create an ex-
act visual sensation colour tuneable artificial light
source should be introduced for daylight harvest-
ing. Apart from daylight harvesting, colour tuneable
light source may be used for mood lighting, which
affects the emotional feeling of human [4].

It is well known that the three primary colours
of visible light red (R), green (G) & blue (B) can be
mixed to get a wide range of colours. In some of the
previous studies, monochromatic RGBY (Red-
Green-Blue-Yellow) LED was mixed to get diffe-
rent colour combination of white light [3]. But CCT
of monochromatic light cannot be measured and
CRI of the produced light is also poor. In this study
RGB LED at different intensity is blended with
Warm-White (WW) to produce variable CCT. Fi-
nally an algorithm is proposed to vary the CCT us-
ing only red and blue LED with warm white LED.

2. RGBW LED LIGHTING SYSTEM

The experimented RGBW (Red-Green-Blue-
White) LED lighting system consists of one Dim-
ming-Controller-Unit (DCU), four LED drivers and
a RGBW LED module. The four LED drivers are
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used to drive each of the LED string at four inde- ____________________________
pendent current. The DCU is responsible to gene- DCU | AC supply — —
rate four independent PWM duty ratios, which will orRed
ensure four independent current through each LED LCD module PWM signal .
string. A block diagram of the developed system AC supply : E
is shown in Fig. 1. S | o Graon | g
. L. DE i PWM signal 3
2.1. Basics principle of CCT control gg Acsubpy — e gmer ;
[ : for Blue g
The basic principle of the CCT control can be Keypad < | PWM signal x
explained by CIE1931 (X, y) chromaticity diagram, | AC supply -
any colour sensation can be represented by a cou- orwhie, L]
ple of (X, ¥) coordinates. The colour temperature | PWM signal

of a light source is the temperature of an ideal
black-body radiator that radiates light as compara-
ble with white light source. Lower the CCT value
(2700K-3000K) is called warm white and higher the
CCT (5000K-6000K) is called cool white.

Grassman law states that the superposition of co-
lour is a linear phenomenon. So, when colour coor-
dinates (X, Yx) of n primary emitters are known, any
colour coordinates (X, y) lies inside the CIE1931
colour space diagram can be defined by eqn.(1)
and eqn.(2) [5]. Y is the luminous flux of prima-
ry emitters.

n Yk
x=zlxk YT

.y (1)
e
y:zl Y
n Y,
X:Z]yk'Ti
.y (2)
nY,
y:Z1 7k
k

2.2. Prototype luminaire design

Placement of RGBW 3528 LED strip on the ba-
kelite board is shown in Fig.2. Each LED string has
14 number of parallel path and each parallel path
consists of 3 series connected LEDs.

3. DESIGN OF LED DRIVER

In this article a switch mode power supply
(SMPS) based LED driver is designed using fly-
back topology and the hardware circuit has been im-
plemented on a printed circuit board (PCB). Linear
power supply has a poor efficiency as semiconduc-

Fig.1. Block diagram of CCT controllable LED lighting
system

Fig.2. Prototype of RGBW luminaire

tor device operates in active region. By switching
(either ON or OFF) of active devices the efficien-
cy of the converter can be made high than the line-
ar power supply.

MOSFET 2N60 is used as a switching device
which is 2A, 600V N-channel MOSFET.

3.1. Principle of designed LED driver

At first AC power is converted to DC by using
rectifier, and then the DC is converted to the desired
level of DC to drive the LED using a high frequency
switch & a transformer. The logical block diagram
of LED driver is shown in Fig.3

The self-oscillating fly back converter is
a popular circuit for cost-sensitive applications
due to its simplicity and low component count [6].
A detailed design-oriented steady-state analysis and
a small-signal model of the self-oscillating fly-back
converter has been found already [6].
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Fig.3. Block diagram of the LED driver

Fig.4. Prototype of the LED driver

So in this work a self-oscillating fly-back con-
verter topology is designed and the circuit has
been implemented to drive the LED strip. When
the MOSFET Q; turns ON, current starts flowing
through the primary coil of the transformer, and the
energy is stored in the primary coil. The primary
current |, can be measured across a low value resis-
tance Rcg; which is connected between MOSFET’s
source and ground terminal. In absence of feedback,
the peak value of primary current 1,*R¢s; reaches
base-emitter threshold voltage of an NPN transis-
tor, which reduce the gate-source voltage of MOS-
FET Q;. Because of regenerative action Q; rapid-
ly turns OFF and the primary stored energy 1/2
Lp*l, is transferred to the secondary, where L, is the
primary inductance. In the presence of voltage or
current feedback the value of I,*R¢g; is modified
so that the required secondary voltage or current
is modified.

The MOSFET driving circuit will rapidly turn
ON and turn OFF the MOSFET Q; according
to feed back signal or primary current. Opt coupler

Table 1. Specifications of LED driver

Specifications Values
Nominal input voltage, Vj, 230V,50Hz AC
Nominal output voltage, Vo 16V
L1 Primary inductance 430 uH,
L2 secondary inductance 8 uH
Rated LED current, || gp 312mA

LED strip 3528
LED type and number of LED (Red, Green,
Blue, White)
Dimming frequency, Fpin 244Hz
Current Sense resistor 0ES

was used to isolate the secondary coil of the trans-
former from primary coil. Fig.4 shows the develo-
ped prototype of LED driver.

Table 1 shows the different specification and
component value used to design the LED driver.

3.2. Control mode of the LED driver

The control circuit at the secondary is designed
to operate in voltage protection mode and in current
control mode. In a typical cycle of PWM for dim-
ming the secondary control signal goes through vol-
tage protection mode and in current control mode.
In a cycle during turns ON of MOSFET Q, the cur-
rent control loop will be activated to protect the
LED and during turns OFF voltage control loop will
be activated to protect the MOSFET Q);.
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Fig.6. Schematic of series connected switch for dimming

3.2.1. Current Control mode

As LED is a current driving semiconductor de-
vice, its brightness is proportional to the current
which will flow through it. The current control
mode is implemented using a PI controller as shown
in Fig.5. This control loop will work when the out-
put terminal gets shorted or LED gets shorted, or
load exceeds maximum allowable current.

The feedback control scheme of the secon-
dary is implemented through a resistance divider
and then the scaled voltage is amplified by using
a transconductance type amplifier (TL431) [6].

In this article the feedback control scheme
is modified by using A PI controller, which is re-
quired to control the LED current preciously.

Applying KCL at node A of Fig.5

Fig.7 DCU signal (CH1-5V/div), Drain to source signal
(CH2-5V/div) at 50 % duty cycle. Time scale-2.5 mS/div

I+ +13=0 3)
V
| ref’
R )
I, R
|2__ LEDR CS’ (5)
2

I5= 0 at steady state.
The maximum driving current that will be de-
livered by the LED driver can be calculated by us-

ing eqn.(6).

(6)

So limit of maximum current can be set by va-
rying any parameters R2, Vref, R3, Rcg. Operation-
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Fig.8. Pin connection of LCD and keypad to Microcontroller

al-amplifier (OP-AMP) LM358 is used to compare
between reference voltage and driving current. I; gp
can be calculated from eqn.(6). It is equal 312 mA.
The reference voltage 2.5V is generated by using
a precision shunt regulator TL431. In current con-
trol mode 1;<I,, so output of the comparator will be
high.

3.2.2. Voltage Control mode

In voltage control mode 1;>1,, and output of the
comparator will be low.

LED terminal voltage Vgp will be decided
by voltage drop of zenor diode DZ,, D, and opt
coupler diode. The output voltage at LED terminal
must not go beyond the supply voltage of LED un-
der any circumstance.

4. DESIGN OF DCU
(DIMMING-CONTROLLER-UNIT)

A DCU is used to generate four indepen-
dent PWM signals. The DCU comprises of
ATmega32A microcontroller from Atmel Corpora-
tion, a 16X2 LCD display and a 4X1 keypad modu-
le. The PWM dimming frequency generated from
the DCU must be higher than 100Hz to avoid flick-
ering as described by [7, 8,14]. It was set to 244Hz
for RGBW channel to avoid flicker.

4.1. Principle of LED dimmer
As LED is a current driving semiconductor de-

vice, its brightness is proportional to the current,
which flows through it. The light output of LED can
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Fig.9. Test set up for CCT measurement by Konica-Minolta
colorimeter

be varied by modulating the amplitude of the cur-
rent. However, this type of linear dimming is not re-
commended for RGB colour dimming as chromati-
city changes with amplitude of the current and with
varying junction temperature [9]. For semiconduc-
tor device most flexible way of dimming is to use
a pulse-width modulated (PWM) current signal
on the LED array with varying duty cycle. It will
change the illuminance value without changing the
peak current of LED’s string. PWM dimming tech-
nique has some advantages over analogue or ampli-
tude dimming like stability of chromaticity during
0-100 % dimming and it has also linear relationship
between duty cycle & light intensity of LED. From
the previous study it can be concluded that PWM
dimming is most suitable for this purpose as ana-
logue dimming changes the colour of LEDs [9]. So,
a PWM based dimming technology is implemented
as one most suitable for this purpose.

A semiconductor switch is used in series with
each of the RGBW LED string to turn ON and OFF
LED’s individually, according to the duty ratio. The
average current that will be supplied by LED driver
to LED can be expressed as eqn. (7)

_ lepTon

o Ton +Toff ’ (7)

I ep is equal to maximum allowable current
through LED, can be calculated from eqn. (6).

80
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Fig.10. Scaled CCT vs duty cycle for blue channel

Ton and To is the turned ON and OFF time
of LED respectively. Duty cycle can be varied from
0-100 %, so light output from the LED will vary
also from 0-100 %. The schematic diagram of se-
ries connected switch is shown in Fig.6. The switch
Q2 is an N-channel power MOSFET IRFZ44.
To ensure proper turn ON and turn OFF of the se-
ries dimming MOSFET (IRFZ44) Q, a NPN tran-
sistor Q; (BC547) is used to provide the necessary
GATE current for Q,.

Fig. 7 shows that when DCU signal is high,
drain terminal of Q2 is also high as GATE termi-
nal of the MOSFET Q2 is grounded through Q3 and
when DCU signal is low the gate terminal of Q2
will be high, so LED string will be ON during low
DCU signal

4.2. PWM signal generator

ATmega32A is a low-power CMOS8-bit micro-
controller based on the AVR enhanced RISC ar-
chitecture. It has the following features like, 32
Kbyte of In-system programmable flash memo-
ry with read-write capability, Four PWM chan-
nel, 32 Programmable I/O line, speed 0—16MHz,
1024Kbyte EEPROM, 32 General purpose resis-
tors etc. [10] By enabling Timer 0, Timer 1, Timer
2 of ATmega32A four PWM signals are generated.

The program for PWM generation, keypad
and LCD module interfacing program is written
in Atmel Studio 6.2 software (from Atmel Cor-
poration) [11] and the HEX file is loaded into the
ATmega32A microcontroller using USBASP AVR
Programmer.
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Register TCCRO of Timer0O of AT-
mega32A is used to set the different modes and fre-
quency selection. OCRO register is used to set the
duty cycle of the generated wave by comparing
OCRO and TCNTO register value.

Frequency of the generated wave can be calcu-
lated by using eqn. (8) [10]:

— Foscillator (8)

F ;
256 -N

generated wave

N is the prescaler value that may be
(1/8/64/256/1024) the value of the prescaler cho-
sen 256, oscillator frequency is equal to16 MHz. So,
Fgenerated wave Will be 244.14 Hz.

Now the duty cycle of the duty cycle of the gene-
rated wave can be calculated as eqn. (9) [10].

OCRO+1

Duty cycle =
vy 256

100, (9)

Value of OCRO may vary from 0 to 255. Value
of OCRO register can be set through keyboard ac-
cording to the RGBW mixing ratio. The percentage
of duty cycle corresponding to each RGBW LED
string is displayed in LCD screen for user interfac-
ing. Same could be repeated for Timerl and Timer2.

Duty cycle can be varied by setting OCRO,
OCRI1A, OCRI1B, OCR2 register of ATmega32
through a keypad module for RGBW LED string
respectively.

4.3. Keypad and LCD module

Key pad module is used to change the duty cy-
cle of the individual channel according to blending
ration.

Pin connection of LCD, keypad and dimming
signal to the microcontroller is shown in Fig .8.

JHD162A LCD module is used to display the
dimming parameters (i.e. percentage of blending ra-
tio), which is capable to display 16 Characters and 2
Lines [12]. The keypad interfacing program is writ-
ten in such a way that the keyboard debounces or
multiple key presses can be restricted.

5. EXPERIMENTAL RESULT

Here CCT is measured by varying the intensity
of Red, Green and Blue LED individually with re-
spect to WW LED. Various CCT produced by the
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Fig.11. Scaled CCT vs duty cycle for green channel

100

80f------ Coocoo=d oo deccooodbcoccodecocoodecooaod

60 ------

o
@
Q

o
=2
2
o
E
=)

40} ------

Duty Cycle of Red Channel

20f------

Offset and scaled CCT, m

Fig.12. Scaled CCT vs duty cycle for red channel

RGBW luminaire is measured using Konica-Mi-
nolta CL200A Chroma Meter. The experiment has
been carried out in a windowless dark-painted room
at Electrical Engineering Department of Jadavpur
Univertsity, and the Chroma Meter is placed 1 me-
ter below the RGBW light source. The experimental
set-up is shown in Fig.9.

As CCT of Warm white LED (3268 K) does
not change so much throughout the 0-100 % dim-
ming, the reading has been taken keeping the warm
white LED at 100 % brightness, which will also in-
crease the illuminance level. To achieve different
illuminance level, duty ratio of the white channel
can be varied. CCT is measured up to 70 % duty
cycle of the blue channel, because beyond this,
CCT cannot be measured by the Konica Minol-
ta CL200A Chroma Meter as blue content is very
high. The measured CCT with respect to duty cycle
of blue channel is given in Table 2.
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Table 2. CCT vs duty cycle of blue LED

SL. No Blue :;‘;:“f/i duty CCT, K
I 0 3268
2 5 3394
3 10 3539
4 15 3692
5 20 3880
6 25 4100
7 30 4360
8 35 4664
9 40 4996
10 45 5420
1 50 5940
12 55 6581
13 60 7389
14 65 8341
15 70 9723

Based on Table 2 above we can automate the
process of producing white light of a certain CCT.
A new variable, m, representing an offset and scaled
value of the CCT as defined below

m = (6 (4g) — 6 (0)) / 1000, (10)
where 0 (Ag) is the CCT of the white-blue com-
posite array at a duty cycle Ag of the blue channel,
is used below.

The variable AB is now plotted as a func-
tion of m. Using MATLAB®, a cubic polynomi-
al is then fitted through this graph. Actual varying
CCT of blue channel and fitted polynomial is shown
in Fig.10.

The polynomial equation is given by

Ag =0.4132 * m3-5.8318 * m? + (11)
+ 31.0856 * m + 1.8145.

An increase in the order of the polynomial was
avoided for two reasons. The first is that it did not
provide any higher accuracy throughout the range.
The second reason is that it increases the computa-
tion time of the method described below.
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Fig.13. Flow chart of CCT varying algorithm

PWM width selection registers OCR0, OCR1A,
OCRI1B and OCR2 of ATmega32A are 8 bit regis-
ter. So for 0-100 % dimming corresponding register
value will vary from 0-255.

So, the register value n can be calculated as eqn.
(12)

n=2.55* 4, (12)
where Ag is the calculated duty cycle from eqn.(11).

Proposed algorithm to select the proper duty cy-
cle of blue channel with respect to desired CCT as
described below:

Stepl: — Set the desired CCT value ranging from
3230° K to 9723° K;

Step2:— Compute m from eqn.(10);

Step3: — Compute Ag from eqn.(11);

Step4: — Compute n from eqn.(12);

StepS: — Set the 8 bit register OC1A of AT-
mega32A by computed value of n to achieve de-
sired CCT.

For an example to produce CCT 4100° K using
blue and WW LED duty cycle of blue channel will
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Table.3 CCT vs Duty cycle of red and green LED

Table 4. Measured CCT and error

Duty cycle CCT, K CCT,K SL N Set CCT, | Measured CCT
Sl. No. | of G/R LED, for green for red - NO. K CCT, K error, K
% blending blending
1 2700 2718 -18
1 0 3268 3268
2 11 —11
2 10 3673 3198 3000 30
3 20 4025 3132 3 3500 3493 7
4 30 4192 3067 4 4000 3946 54
5 40 4350 3008 5 4500 4470 30
6 50 4628 2950 6 5000 5022 -22
7 60 4887 2893 7 5500 5601 -101
8 70 5316 2842 8 6000 6114 114
9 80 5502 2791 9 6500 6620 -120
10 %0 3665 2745 10 7000 7039 -39
11 100 5813 2700 11 7500 7370 130
12 8000 7745 255
be 25 % and the corresponding OCR2 register va-
. 13 8500 8170 330
lue will be 64.
Same process could be repeated for Red and 14 9000 8656 344
Green channel. The measured CCT ranges for
WW-G and WW-R LED blending are 3268-5813K 15 9300 9433 67

and 3268-2700K respectively, where duty cycle
of green and red LED varied from 0-100 %. The
measured CCT with respect to duty cycle of green
and red channel are given in Table 3.

The fitted polynomial equations for green and
red channel are given by eqn. (13) and eqn. (14).

Ag =2.2750 * m3-0.4693 * m? +
+ 25.7082 * m — 0.1606.

Ag =75.2395 * m2-132* m + 0.3191.

(13)
(14)

The fitted polynomials using MATLAB® are
shown in Figs.11,12 respectively.

By observing Table.2 and Table.3 it can be con-
cluded that to achieve higher CCT than WW LED,
only blue LED may be blended and on the oth-
er hand for lower CCT range red LED may be
used. To automate the process, an algorithm is pro-
posed and the flow chart of the proposed algorithm
is shown in Fig.13.

Now the CCT is set in the interval of 500K
by using a keypad and measured by the Konica Mi-
nolta CL200A Chroma Meter. Table 4 shows maxi-
mum deviation of 18 K and 344 K for red and blue

blending from set point value respectively. This al-
gorithm can select automatically blue LED for hig-
her CCT and red LED for lower CCT with respect
to WW CCT.

6. CONCLUSION

To vary CCT of light from 2700K — 9723K, it
is understood that only WW, red and blue LEDs are
sufficient. To change CCT only from 3268k up to
5813k, green and WW may be used. So, to get the
effect of natural light, only RBW LEDs are needed
instead of RGBW LEDs. It reduces the cost of total
number of LEDs. Here, this work does not take care
about the illuminance available on a working plane.
Research is being carried out to select the CCT and
[lluminance both simultaneously in a similar type
of lighting system.
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ABSTRACT

In this paper, a design of a self-adapted LED
desk lamp is presented. The illuminance on the
work plane and colour temperature of the hybrid
light are measured by the multi-channel colour sen-
sor TCS3414CS. The MCU embedded in the lamp
will adjust the LED drivers’ output to maintain con-
stant illumination. Experimental results show that,
no matter how the ambient light changes under dif-
ferent scenes, the lamp can still provide satisfactory
lighting condition with both illuminance and colour
temperature adjusted to a predefined value, leading
to a more comfortable user experience.

Key words: LED desk lamp, illumination, CCT,
colour sensor, dimming control

1. INTRODUCTION

With the rapid development of LED technology,
people are paying more and more attention on qua-
lity, comfort and environmental friendliness of il-
lumination rather than brightness and cost. Desk
lamps are the most widely used supplementary
lighting devices in our daily life. There are two
main types of LED desk lamp in current market [1]:
traditional lamps without dimming function and
smart lamps whose brightness and colour can be
manually set. However, once ambient light chan-
ges, the former cannot maintain a constant illumina-
tion on the work plane. And because the adjustment
solely depends on users’ intuitive feelings, the lat-
ter type may provide a too high or too low lighting
level, causing damage to human’s eyes if it is used

for a long time. And the by-hand adjustment is con-
trary to the intelligent, humanized and low-car-
bon design concept of modern household applianc-
es. Besides, users have various colour temperature
preferences and colour requirements are not always
the same in different scenarios. For example, warm
light is more suitable for leisure time reading, while
light with high colour temperature can keep peo-
ple’s mind active when they are working [2]. In or-
der to better meet the needs for quality lighting, this
paper design a self-adapted LED desk lamp capa-
ble for both illuminance and colour temperature ad-
justment. When the environmental light changes,
the lamp is able to adjust the LED output to provide
a constant illuminance level and keep the correlat-
ed colour temperature of the hybrid light (ambient
light & LED) to a predefined value in the meantime.

2. DESIGN OVERVIEW

The hardware design of the desk lamp consists
of a micro controller, LED drivers, a colour sensor

Fig.1. Overview of the desk lamp
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Fig. 2. MCU circuit and its programming interface

[3,4], voltage regulators and a LED array, as Fig. 1
shows.

The LED array is comprised of 2 kinds of LED
with different colour temperature in order to im-
plement the CCT adjustment feature. To extend the
range of light colour control as well as meet the
output flux requirement, Cree XLamp XPE series
is selected for its spectra diversity and high perfor-
mance. In this design, we choose 2600K and 6500K
LED whose power can be up to 2W per chip.

3

The colour sensor located on the lamp holder
can receive the hybrid light, and send the infor-
mation to the MCU. Then the MCU will calcu-
late the hybrid light CCT and illuminance on the
work plane, and compare the results with preset va-
lues to adjust the LED output to realize adaptive
control.

For the sake of safety, the input voltage of the
desk lamp is restricted to 12V with an external AC-
DC adapter. Since the rated voltage for both the

b)

c)

Fig. 3. (a) Response curves of TCS3414CS; (b) Tristimulus of human eyes; (c) Normalized curves comparison
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Fig. 4. Colour sensor TCS3414CS

MCU and the colour sensor is 3.3V, extra voltage
regulators are implemented in the PCB board.

3. HARDWARE DESIGN
3.1. Control circuit

As the core of the hardware design, the con-
troller is responsible for PWM signals generation,
communication with the colour sensor and out-
put adjustment based on the control algorithm.
In this design, we choose Silicon Laboratories’ 8-bit
MCUS8051F330, which contains a high-speed pipe-
lined 8051-compatible microcontroller core and
various peripherals, Fig.2. Apart from many kinds
of digital interfaces such as SMBus, UART and
SPI integrated, C8051F330 is rich in counter re-
source and able to generate 4-independent-chan-
nel PWM signals, which meets our design require-
ments perfectly.

3.2. Colour sensor

In order to obtain the illuminance on the work
plane and CCT of hybrid light, a 4-channel digi-
tal colour sensor, TCS3414CS, produced by AMS,
is used in this design. This sensor includes an 8x2
array of filtered photodiodes, analogue-to-digital
converters, and control functions on a single mono-
lithic CMOS integrated circuit. Of the 16 photodi-
odes, 4 have red filters, 4 have green filters, 4 have
blue filters, and 4 have no filter (clear). Fig. 3(a)
shows the spectral responsivity of TCS3414CS,
Fig. 3(b) is the tristimulus curves of human eyes
and Fig. 3(b) is the comparison of the normalized
curves.

Since the response curve have very similar peak
wavelength and FWHM with tristimulus curve,
MCU can solve for CCT and illuminance by Ma-
trix operations and use the results as the regula-
tion basis. Equation 1 shows the calculation of illu-
minance and Equation 2-5 illustrate how to acquire

Fig.5. LED driver

CCT value [5,6]. Where R, G and B are the integral
response of the filtered channels of TCS3414CS
respectively.

E =(—0.32466)R +(1.57837)G +(-0.73191) B. (1)

X =(-0.14282)R +(1354924)G +(-0.95641)B
Y =(-0.32466)R +(1..57837)G +(-0.73191) B,
Z =(-0.68202)R +(0.77073)G +(0.56332) B

X=X /(X +Y +Z)
y=Y/(X+Y+Z) (3)
n=(x-0.3320)/(0.1858 ), 4)
CCT =449n® +3525n° + 6823.3n + 5. (5

The MCU communicates with the colour sensor
through I2C bus as Fig. 4 shows. The sampling inte-
gration time is set to 154 ms.

3.2. LED driver

The LED driver plays a significant role in the
desk lamp design. General requirements for LED
drivers are high efficiency and good control accura-
cy [7]. In this design, we take advantages of Silan’s
high performance step-down PWM control LED
driver, SD42524, to modulate the light output. With
the 12 V DC input voltage, the LED drivers can
achieve 1A continuous output current with thermal
shutdown protection and current restriction. Two
SD42524 chips are used for independent adjust-
ment of the two different color temperature LEDs.
To simplify the control algorithm, the sampling re-
sistance of the LED drivers are tuned to make the
total flux of 2600K LEDs equal to that of 6500K
LEDs when the duty cycles are set to 1 for both.
Fig. 5 is the circuit of LED driver.
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4. DIMMING STRATEGY

A two-stage dimming strategy is adopted in this
design to provide target illuminance on work plane,
adjust the CCT of hybrid light to a certain degree
and keep stable lighting condition.

First of all, the MCU will acquire the current il-
luminance through the colour sensor and compare it
with the target value.

e=E,—E,. ©)

Where E,, and E, are the target and measured
illuminance. If the absolute value of e exceeds the
threshold, the MCU will increase (when €>0) or de-
crease (when e<0) the output power of both LED

Fig. 6. The testing experiment

Table 1. The illumination and CCT values under different scenes in Experiment 1

Scenes Illuminance, Ix CCT, K Illuminance, Ix CCT,K
(LED Off) (LED Off) (LED On) (LED On)

T}ll‘l’l off all other lights at 0 N/A 495 4033
night

Turn on the remote fluores- 208 3123 506 3965
cent lamp

Turn on the nearby fluores- 385 3353 497 3950
cent lamp

Open windows at noon 244 4698 513 4076

drivers by same percentage simultaneously. Usual-
ly after several rounds of negative feedback regula-
tion, the gap between measured illuminance and tar-
get value will be narrowed down to the threshold.

Once the illuminance requirement is met, the
dimming strategy goes into the next stage to realize
a constant CCT value of the hybrid light. Similarly,
the error between real CCT value and preset value
is solved out first. Then if it goes beyond the CCT
threshold, the MCU will adjust the output of the two
LED drivers by same percentage but in opposite di-
rection. For instance, if the measured CCT is higher
than the target, the output of warm white LEDs will
increase while the cool white ones are turned down
and vice versa.

Proportion control algorithm is adopted for
both illuminance and CCT adjustment [8] to fulfil
smoothly modulation. Taking illuminance regula-
tion as an example, the control object is the duty cy-
cle of the PWM signal and it is calculated according
to the following equation:

D(n+1)=D(n)+Pxe. (7

D(n) is the current duty cycle, D(n +1) is the
duty cycle for the next moment and P is the propor-
tionality factor. The P value can’t be set too high or
too low, because it will cause the output unstable or
make the MCU takes more rounds to hit control tar-
gets. In this design, we used the empirical equa-
tion below to solve out the P value.

b 0.0002(E, - E,)

: @®)

ELED

Where E, is the illuminance of ambient light,
which can be measured before LEDs are turn on.
And E ., is the maximum illuminance that one sin-
gle channel LEDs can produce on the work plane.
The same proportionality factor is used for CCT
control algorithm.
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Table 2. The illumination and CCT values under different scenes in Experiment 2

Scenes Illuminance, Ix CCT/K Illuminance, Ix CCT/K
(LED Off) (LED Off) (LED On) (LED On)

T.urn off all other lights at 0 N/A 746 5023
night

Turn on the remote fluores- 200 3221 756 5095
cent lamp

Turn on the nearby fluores- 392 3307 743 4952
cent lamp

Open windows at noon 256 4701 771 5026

5. SIMULATION EXPERIMENT
AND RESULTS

Two sets of simulation experiments were con-
ducted to verify the control function. As shown
in Fig. 6, the LED array is clamped by an
adjustable holder. The control board is placed near
the holder on the desk. And the distance between
the LED array and the colour sensor mounted on the
PCB board is around 50 cm, which is equal to typi-
cal reading distance.

Experiment 1:

Target illuminance: 500 Ix, threshold: 50Ix;

Target CCT: 4000K, threshold: 100K

The test results are shown in Table 1.

Experiment 2:

Target illuminance: 750 Ix, threshold: 50Ix;

Target CCT: 5000K, threshold: 100K

The test results are shown in Table 2.

From the test results, we can figure out that the
fluctuation of illumination is restricted within 3 %
and the CCT shift is limited to 2 % under diffe-
rent situations. The output will be stable within 20
rounds of feedback regulations, that is, in less than
3 seconds.

6. CONCLUSION

A design of a self-adapted LED desk lamp is pre-
sented in this paper. The illuminance on the work
plane and correlated colour temperature of the hy-
brid light are measured by the multi-channel colour
sensor TCS3414CS. Based on the sensor reading,
the embedded MCU will adjust the LED drivers’
output to maintain constant illumination. Experi-
mental results show that, no matter how the ambient
light changes under different scenes, the LED desk
lamp can still provide satisfactory lighting condi-

tion with both illuminance and correlated colour
temperature adjusted to a predefined value, leading
to a more comfortable user experience. The speci-
fic mechanical structure of the lamp is not designed
in this paper. In actual production, the control board
can be enveloped in the lamp base with a small
hatch over the colour sensor, and then the light can
be measured.
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ABSTRACT

The application of luminance technique
in road lighting requires the knowledge of the re-
flection properties of the road surface. The effect
of LEDs radiation spectra on these reflection pro-
perties is analyzed in the present paper. On this
topic, CIE publication No 30-2 notices that road
surfaces are not completely spectrally unselective,
nevertheless, the effects on reflection of luminous
sources spectra used on the road are usually disre-
garded. A spectral study on samples of Argentine-
an draining road surfaces is shown in this paper.
Size standardized samples were measured under the
standard observation angle, for three different light
incidence angles. A focused spectrometer was used
as detector. A standard high pressure sodium lamp
(HPS) and a cool street LED luminaire were used as
light sources. A specially built diffuse surface was
used as reference in order to compare the spectral
differences in reflection.

As a result, colour selectivity was found. The
spectral samples selectivity produced a photopic ab-
sorption about 5 to 10 percent greater in HPS lamps
spectra than LED sources.

Keywords: LED, road lighting, road reflection,
spectra

! On basis of report at the European Lighting Conference
LUX EUROPA 2017, September 18-20, 2017, Ljubljana
Slovenia

I. INTRODUCTION

In road lighting, the visual perception of the
driver is conditioned by the luminance distribu-
tion on the surface of the lit road. In this model,
known as Luminance Technique, reflection proper-
ties of the road surface are characterized by the lu-
minance coefficient “q”, proportionality factor, for
each road point, between its illuminance and the lu-
minance reflected in the observation direction. The
integer of luminance coefficient “q” on a solid angle
that underlies a road element is called average lu-
minance coefficient Qo, useful factor for evaluating
the degree of “lightness” of the road surface.

The surface Qo0 impacts directly on the energet-
ic efficiency of the installation. A “lighter” surface

.
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Fig.1. Basic geometry for the vision analysis in roads
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will result in greater luminances in direction to the
observer for a same distribution of illuminances.
As Qo is a property mainly determined by the type
of asphalt mixture or the kind of concrete, as well
as the building methods used, its value can change
regionally or by zones. This effect has already been
observed for asphaltic concretes of a same area,
with different compounds or application techniques
[1]. It is then worth studying if this “degree of light-
ness” can change with the spectrum of light sour-
ces used in the lighting system. Particularly, and
in the light of the current technological changes,
our present work will focus on the possible effects
of “spectral selectivity” that influence the reflec-
tion of white LEDs light.

1.1. Luminance coefficient

The luminance L of an elementary surface 4S
on the road (Fig. 1) is determined by equation (1):

1(C,
L:%q(a,ﬂ,é,y)cosz’(y), (1)

where 1(C,y) is the lighting intensity of the lu-
minary in direction to the point where luminance
is calculated, H the height of the luminary installa-
tion and q is the road luminance coefficient.

The luminance coefficient depends completely
on the road surface: basic material, binder compo-
sition, application method final texture, time of use,
etc. Far from being a constant, its value depends
on the positions of the observer and on the lighting
source with respect to the point under consideration.
Studies showed that a valid simplification is to fix
the observation angles: it has been standardized the
driver’s vision line parallel to the road axis (J = 0°)
and its elevation so that it has an impact on the vi-
sion point with a slope a = 1°. Thus, the standard-
ized conditions for vision on road consider q depen-
dent only on f and y [2].

If E is the exact illuminance on the road, (1) can
be rewritten as:

L=q(,8;7)E. (2)

The luminance coefficient complies with the
function of proportionality factor, for each road
point, between illuminance and luminance. Thus,

it is defined the average luminance coefficient Qo,
which quantifies the degree of “lightness” of the
road surface:

1
Q =§£qd- 3)

In (3), Qo represents the solid angle that under-
lies the element 4S in Fig. 1. As it was mentioned
in the previous paragraphs, higher values of Qo, as-
sociated with “lighter” surfaces, will allow obtain-
ing an increase of average luminance for the same
system of lighting (thus, increasing the installa-
tion efficiency).

1.2. Coefficient Qoo

If there is an enough amount of simultaneous
evaluations of accurate luminances and illuminanc-
es on several sections of a road surface, it is possi-
ble to use factor Q00, relationship between average
luminance and average illuminance as an empirical
approximation of the road degree of lightness:

_Lm
Em’

Quo “)

Although there is no theoretical relationship be-
tween Qo0 and Qo0 coefficients, the low disper-
sion obtained in the analysis of an important number
or luminance and illuminance evaluations allows in-
ferring a good performance of this coefficient as
marker of the road lightness degree [1-3].

The study described in [1] verified significant
differences in the “lightness” degree of surfaces
in access and urban motorways of Buenos Aires

6.0

5.0

4.0

3.0 =

2.0
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0.0
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llluminance E_,, Ix

av’

Fig. 2. Example of luminance-illuminance relationship, [1]
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Table 1. Assessed LED Installations

Motorway Measurements QO[OC é?rzgf;]ge) Stand?c.g /rl::;lc)f]r tainty

La Plata — Bs AS City. Section 1 8 0,0860 0,006
La Plata — Bs As City. Section 2 4 0,1080 0,010
Bs As City Urbans motorways 6 0,0828 0,005
Panamericana 2 0,0640 —_

Comparing the different studied sections, it can

be observed substantial differences in the lightness

Standard degree of their surfaces. Besides, the study shows

R3- Qu=0,07

Fig.3. Qoo values, [1]

City (Argentina). Such work had as basis more than
300 simultaneous evaluations of luminance and illu-
minance, carried out in motorways close to Buenos
Aires City for the time period 1998-2012. All mea-
surements were carried out following the standard-
ized procedures according to the Argentinean rec-
ommendations [4]. The studied installations used
HPS vapor lamps and the following rules were met:

* The collected data were grouped by sections
with the same kind of asphalt (composition and ap-
plication technique);

» Time periods only without recoating or chan-
ges of surfaces were considered;

 Lighting installations were kept without chan-
ges for each assessed zone, except for cleaning, re-
pairs and lamp changing.

Fig. 2 shows an example of luminance-illumi-
nance relationship of an assessed zone. For the stu-
died cases, a clear correlation E-L was observed,
and this justified the definition and use of Qoo0.

a significant discrepancy between the Q00s of the
actual surfaces and the Qo of the standard surface
of CIE R3, used as almost exclusive reference of lo-
cal designs. Fig. 3 summarizes the results obtained
in the mentioned study. In this figure, M1, M2, etc.
correspond to different sectors or motorways with
homogeneous surfaces.

2. DEGREE OF LIGHTNESS UNDER
LED LIGHTING

The aim of the present work is to verify if there
is any change in the average luminance coefficient
assignable to white LED light. In other words, it
is intended to find some kind of spectral selectivity
in the reflection from the surface.

2.1. Background.

Ekrias [5] studied the spectral reflection of elev-
en types of asphaltic compounds from Finland,
combining samples of “natural” surfaces and with
aggregates of colour pigments for clarifying them.
His measurements were based on circular samples,
of 100 mm in diameter, incidence angles b= 20° and
elevation g=55°. The observation angle a was 35°,
larger than standard CIE of 1°. Fig. 4 allows observ-
ing some samples used in such research. In the im-
age, it can be observed an important size of stone,
with a much smaller proportion of binding asphaltic
compound than that of surfaces in use in our coun-

Fig. 4. Samples of surfaces used in [5]
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Spectral Reflectance vs Wavelength

——Concrete
—m—Asphalt

Spectral Reflectance, %

Wavelength, nm

Fig. 5. Results of Adrian’s spectral studies

try. Besides, some of the samples presented a red-
dish tone, possibly due to colouring aggregates.

The mentioned tone is shown in the spectra ob-
tained by Ekrias, which evidence a slight increment
in their reflectance towards the red zone of the
spectrum.

Adrian’s studies [6] show similar results. In this
case, the studied samples were asphaltic concretes
or concretes, without specifying the use of any type
of colouring aggregate. Fig. 5, extracted from [6],
shows a growth in the reflectance for growing wave
lengths, similar to that found in [5].

American studies [7] show an increase in the re-
flectance towards the red, more evident on surfa-
ces worn out due to several years of use (Fig. 6). It
is noteworthy the coincidence among studies from
distant places (USA — Europe), despite the high re-
gional influence on the surface composition and the
use or non-use of colouring aggregates.

2.2. Qoo with LED Lighting

Following the model of the experience described
in [1], luminance and illuminance simultaneous
measurements were analyzed in motorway instal-
lations with LED lighting, extracted from the da-
tabase of the laboratory for the period 2013-2016.

4,50 ¢
4,00 £ 2
3,50 £ 2
3,00 £ * a

2,50 + =

2,00 £ *

1,50 £
1,00 £
0,50 £

0,00 + "
0,00 10,00

Average Luminance, cd/m?

20,00 30,00 40,00 50,00 60,00

Average llluminance, Ix

Fig.7. Luminance / illuminance relationship for the studied
sections with LED

Reflectance, %

Wavelength, nm

Fig.6. Herol’s studies (USA). C surface with over
ten years of use

The assessed cases were installations reconverted
to LED (15 measurement areas) and tests of LED
devices. The latter were based on measuring “wit-
ness” sections, formed by the replacement of at least
4 consecutive columns of luminaries in a motorway
section. The assessment area was placed in the cen-
tral reservation (5 cases). All considered tests had
their correlation with HPS devices and were count-
ed for the test [1]. Likewise, care was taken to in-
clude only those evaluation areas without extreme
changes on the road surface. Table 1 summarizes
the analyzed cases.

The standard uncertainty considering only that
assignable to type A component, was evaluated fol-
lowing [8].

Although the considered cases were limited, the
uncertainty was of the same order of magnitude
as in the test [1] and that is why Q00 estimations
for LED lighting can be considered representative
for each type of surface. The last case is an excep-

Qoo

[cd/m2Ix]

+25.4%

o1 +12.4%
0.08 -
0.06 1T—
0.04 —
0.02 —
0 T T

BsAs La Plata
Motorway S1

+22.5%
+21.8%

HPS
BLED

BsAs La Plata Bs As City UrbansPanamericana*
Motorway S2 motorways

Fig.8. Comparison of Q00 obtained for installations with
HPS lamps and LEDs
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Fig. 9. Samples of draining surfaces, similar to the surfaces
of the studied motorways

Fig.11. Aspects of the experience, detector

tion with only two measurements, which are inclu-
ded just as an illustrative example.

2.3. Results

Fig. 7 shows the average luminance and average
illuminance relationships for each studied sections.

In Fig. 8, the Qo0 values obtained with tradition-
al lighting (HPS lamps) and the new LED lumin-
aires are compared for each zone.

The obtained results indicate an increase in the
“lightness degree” of each road surface for the LED
spectrum. In a first analysis, this result coincides
with the background mentioned before. As the qual-
itative fact of source spectrum influence on the ave-
rage reflection of surface is that reflection cannot be
considered achromatic. However, the link between
the Qo0 increment for the LED spectrum with the
“reddish” tone of the surfaces studied by Ekrias,
Adrian and Herold is not clear. This trend combined
with the blue prevailing spectrum of LED suggests
an opposite result to that found in our study. Coher-
ent with this last idea in [5], it is mentioned an im-
provement in Qo for surfaces lit with HPS lamp

—
[

Light source

Detector

T —

Fig.10. Diagram of measurement system

Fig. 12. Aspects of the experience, sample

with respect to the same surface under white light
(high pressure mercury).

On the other hand, we cannot affirm that Europe-
an or American surfaces of the mentioned research
can be comparable to those currently in use in Ar-
gentina, and which were studied here. Fig. 9 shows
samples of such surfaces of the “draining” type. It
can be observed a granulometry and different co-
lours from those presented in Fig. 4. It is evident
that the comparison between photos has only a re-
lative descriptive value, but shows a higher density
(at least superficial) of binder and smaller stone size
for the local surfaces. Besides, the images do not
show evidence of reddish tones.

3. SPECTRAL STUDY
3.1. Measurement diagram

Works were carried out on a sample similar
to those shown in Fig. 9, of standardized dimensions
for evaluation of samples [2], assembled on equip-
ment for measuring r-table of LAL (Sample Reflec-
tometer). The light source was placed in b=0°, and

119



Light & Engineering

Vol. 25, No. 4

120

100

80

60

40 {\l

ol

-20

Fig. 13. Spectrum of used HPS lamp
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Fig. 15. Direct and reflected spectrum for HPS

three angles of vertical incidence: g = 0°, 15° and
30° were used.

The spectrum reflected by the sample was re-
corded with a spectrometer Avantes Starline,
AvaSpec 2048 [9] with observation angle of stan-
dard CIE, a=1°.

Fig. 10 shows a diagram of the measurement sys-
tem, in Figs. 11 and 12 are aspects of the experience.

Two light sources were compared. On one hand,
HPS lamp, tubular clear bulb type, which spectrum
is shown in Fig. 13.

A plate with Surface Mounted Devices (SMD)
LED components, without refracting lens, chro-
matic features x= 0.362, y= 0.366, CCT= 4500 K
was used as LED source. Its spectrum is shown
in Fig. 14.

3.2. RESULTS

Comparison of direct and reflected spectra was
carried out from re-scaling them to percentage va-
lues of their respective maximums. Overlapping
of both curves should indicate (in the case of no co-
incidence) the zones with differences in spectral ab-
sorption. Fig. 15 compares spectra for HPS lamp

. A
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-20

Fig.14. Spectrum of used LED source
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Fig. 16. Reflected/direct spectrum relationship
and tendency line

with incidence g of 30° and it is representative of ¢
0° and 15°. It has been highlighted the spectrum re-
gion with greater differences being outstanding the
region 560-580nm and 590-630 nm, which present
a greater absorption than in the rest of the spectrum.

In the mentioned zones, the quotient of both
curves (which should be centred in 1 due to re-scal-
ing) is prone to locate near 0.9 what may indicate
10 % more of absorption in this part of the spec-
trum (Fig.16).
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Fig.17. Direct and reflected spectrum for LED
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Fig.18. Reflected/direct spectrum relationship and tendency
line

Fig. 17 shows overlapped direct and reflected
spectra for LED source. Except for a little diffe-
rence in region 450—500 nm and around 650 nm,
both curves seem overlapped, showing slighter dis-
crepancies than for the sodium case. Fig. 18, which
presents the relationship reflected to direct spec-
trum, shows more thoroughly this phenomenon.

In the spectrum visible zone, Fig. 18 shows
a trend line very close to 1.

For evaluating the “photopic” effect of these dif-
ferences and being able to quantify with a unique
number, representative of the average reflec-
tion in the visible zone (value only valid for the
measuring conditions: a= 1°, b= 0° and d= 30°),
factors F1 and F2, proportional to emission and
photopic reflection, were calculated and defined as:

F1=/Gdir(2)V (4)dA. (6)

F2=[Gref (1)V (4)d4. (7)

In (6) and (7), V(1) is the standardized curve
of the spectral sensitivity of the human eye and G(4)
are the measured spectra, “dir” direct and “ref” re-
flected by the sample in the already mentioned con-

0.8

0.6

0.4 [y

i
0.2 1 \ﬁ \”
£ bl & A

0 300 400 500 600 700 800 900

Fig. 19. HPS reflected spectrum and curve V(1)

ditions. Fig.19 shows, as example, Gref(1), V(1) and
the product, for the sodium lamp case.

Table 2 summarizes the result of the performed
calculation. It is observed a difference in favor
of LED reflection (“gain”) close to 4 % for the stu-
died surface, for the observation and lighting condi-
tions already mentioned.

4. CONCLUSIONS

The results found are in agreement with previ-
ous studies carried out in this laboratory and the
research performed in Europe and USA regarding
the existence of a soft dependence of the reflec-
tion on surfaces with the incident light spectrum.
This implies a slight colouring towards reddish
green that appears in all studies despite the different
research techniques used and the type and composi-
tion of surfaces studied.

The study with actual surfaces, in use in the met-
ropolitan area of Buenos Aires allowed correlating
this “spectral selectivity” with an increment (gain)
in the lightness degree when LEDs are used compa-
red to the HPS lamp spectrum. The Q00 improve-
ment found in motorways were of an order of 20 %
average, whereas in the spectral study on a sam-
ple, the increment could be estimated around 4 %.
It is worth mentioning here that in the last case the
sample was a surface not necessarily similar to the

Table 2. Results of Photopic Comparison

Relative difference LED to HPS
Spectrum F JG(ﬂ')V(l)di (F2-F1)/F1 reflected gain
Direct HPS lamp 25,00
-5,92 %
Reflected HPS lamp 23,52
3,.8%
Direct LED 85,30
2,12 %
Reflected LED 83,49
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actual ones in use nowadays. However, the agree-
ment, at least in the tendency, indicates a new ad-
vantage of LED technology and its link to energy
efficiency.
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ABSTRACT

The functional qualities different means of pro-
tecting buildings from excessive sunlight are com-
pared. Summertime and external spaces in the
solar climates are considered. Devices for protec-
tion from the sun are considered, specifically sta-
tionary and adjustable sunscreens. A comparative
analysis of their main functional characteristics
is given.

Conclusions are drawn about the need for a com-
prehensive application of sunscreens of various
types in a “clear sky” environment, typical for re-
gions with the sunny climate characteristics. Sta-
tionary sunscreens contribute to an increase in in-
door daylight due to the reflection of the sun’s rays
from them and redistribution of rays within interiors.

Keywords: sun-protection means, functional
characteristics, comprehensive application, sum-
mer and communication premises, stationary and
regulated sun-protection devices, aesthetic qualities
of sun-protection

In a hot and sunny climate, the insola-
tion of premises should be minimised, and
in summer it should be excluded altogether, because
in these climate conditions, it causes considerable
overheating of rooms and light discomfort [1-5].

The effective protection of premises against ther-
mal and light exposure to sunlight when using na-
tural (passive) methods of creating a microclimate
environment in the premises can be categorised as
means of sun-protection, the main of which are [1-

8]: 1) the compass orientation of rooms; 2) the plan-
ning solution of buildings; 3) the shading effect
of the surrounding buildings; 4) elements of large-
scale facade architecture; 5) summer and commu-
nal outdoor areas; 6) sun-protective devices (SPD).

SPD, which can be external and internal, station-
ary and dynamic, often aesthetically improve the ar-
chitectural quality of the facades of the buildings.
In addition, some summer recreational and com-
munal outdoor areas (loggias, balconies and galler-
ies) can be considered as stationary SPD, due to the
external horizontal and vertical shading elements
which are part of their design, Fig. 1, [1-5, 8-12].
In this case, arcades, galleries, loggias, balconies
and verandas are important means of sun protec-
tion for windows, walls and open spaces.

Table.1 shows the characteristics of the
main sun-protection means, the analysis of the ef-
fectiveness of which should be based on a com-
parison of their functional qualities, which, in ad-
dition to limiting insolation, include lighting and
aesthetic aspects, Table 2.

In this case, in particular, the role of horizontal
elements of external stationary SPD in the sunny
climate conditions is considered to be very positive
in the lighting industry, which has been convincing-
ly proved in a number of papers [2—-7, 13—17].

In Fig. 2, it is shown that the generally accept-
ed understanding of the shading effect of horizon-
tal SPD based on the standard (normative) theory
of diffuse outdoor lighting does not “work” in the
sunny climate and clear sky, since the sun’s rays re-
flected from the ground’s surfaces and below-lo-

123



Light & Engineering \ol. 25, No. 4

a) c)

b) d

a-Acult buildings in Dar-es-Salaam, Tanzania; ¢ - Aresidential building in Lattakia, Syria;
b - An administrative building in city of Zanzibar, Tanzania;  d —An educational building in Lattakia, Syria.

Fig.1. Traditional design solutions of summer and communal outdoor spaces, typical for sunny climate regions

cated SPD increase the levels of daylight factor D
in the premises. As practice shows, this D increase
can be as high as 10 % — 30 % in the zones furthest
from the window, which is extremely important

o, from the point of view of comparison of calculat-

2 ed and normalised values of D for natural side illu-

Oos mination, which are determined in the most distant
o, point from the windows [1-6, 18].

The studies that determined the increase in D
when using stationary SPD in clear-sky conditions
during the last decade were conducted at the De-
partment of Architecture of Civil and Industrial
Buildings (now the Department of Design of Build-
g ings and Structures) at the Moscow State Universi-
ty of Civil Engineering [7, 13—17, 19-20]. Studies
of the internal light environment in residential buil-
dings in Beirut, Lebanon [13, 14] concerned prem-

3

@, - Luminous flux from the sun;

®,, - Luminous flux from an overcast sky; ises without SPD, where temporary layouts of com-
@, - Light, reflected from the ground's surface; bined SPD were installed over the windows. These
@, - Luminous flux from top surface of a canopy; . . i

®, - Luminous flux from bottom surface of a canopy (awning); consisted curved visors and narrow side screens.
@, — Luminous flux, penetrating in a premise directly from sun and sky. This made it possible to determine the D both in the

Fig. 2. Luminous fluxes coming into interiors from side presence and in t}_le' absence 9f a SPD, bOth' un-
natural lighting and implementation horizontal canopies der clear sky conditions and diffuse outdoor light-
awnings as SPD ing on the basis of calculated and full-scale studies,
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Table 1. Architectural, structural and urban development aspects of sun protection, in hot
and sunny climate conditions

Major methods of sun protection and

NeNe . Details
explanatory diagrams
1 2 3
N
NwW NE
Orientation
Latitude orientation is optimal, i.e. with southern
W E and northern window aspects. Longitudinal axis
1 of the building runs east — west (= 15 + 20°). The
most efficient sun protection is on the south fa-
cade in the form of stationary horizontal sun-pro-
tection devices, such as canopies (awnings).
SW SE
S
A building
Plan of a building

Cross-section

Planning solution

The most efficient are buildings with galleries

2 or loggias, wherein communal and leisure func-
tions are combined with sun-protection functions
of horizonal stationary SPD.

A gallery
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Shadowed zones

Shadowing effect of the surrounding
development

Under low sun-position in the case of dense de-
velopment, narrow streets and opposite — deve-
lopment, a shadowing effect for certain surround-
ing buildings with surrounding occurs. Such an
effect functionally adds some efficiency to the ac-
tion of stationary SPD.

Reliefed facade

Shadowed zones

Reliefed facades.

Under latitude orientation of buildings low rays
of rising or dawning sun may be effectively
screened with elements of facades architecture,
which act as vertical sun-protective screens.

The universal horizontal stationary SPD: it en-
sures the sun-protection functions to be fulfilled
in summer and transition seasons. Passive heat-
ing of interiors due to solar radiation in cold sea-
son is carried out under the sun height from 30°
to 60°
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Fig. 3. Daylighting factor diagrams in a room without combined SPD

Fig. 4. Daylighting factor diagrams in a room with combined S.P.D

Fig. 3. The results of the studies showed a signi-
ficant positive effect of outdoor SPD on daylight
coefficient levels inside premises in regions with
a sunny climate and the nature of outdoor lighting
corresponding to clear sky conditions. At the same
time, there was a decrease in D when using the SPD
in conditions of diffuse outdoor lighting, which
is expected due to the smaller reflected luminous
fluxes from the SPD to the interiors of rooms under
a cloudy sky than under a clear one.

CONCLUSIONS

1. A comparative analysis of the functional cha-
racteristics of various sunscreen products that meet
the basic requirements for their physical, technical
and aesthetic qualities shows that the most effective
sunscreens in hot and sunny climates are both dif-
ferent types of SPDs and various summer and com-
munal external spaces. In part, these requirements
are met by the elements of large-scale facade clad-
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Table 2. Comparative functional characteristics of different types of sun-protection means

The versions of sun-protection

Factors under consideration

ing development

NeNe
means. Sun-protection Natural lighting Aestetics
1 2 3 4 5
| Orientation of premises on the
horizon sides (aspect)
2 Planning solution of buildings
3 Shadowing effect of a surround-

4 Relief facades

Summer and utility outdoor

5 .
premises
6 Sun - protection devices
Key:

Maximum efficiency of

the resource the resource

ding, and the geometry of the objects surrounding
the construction.

2. The analysis confirms the conclusion that the
optimal ratio of functional and aesthetic qualities
of sunscreening means is possible only with the
optimal combination of stationary and regulated
SPD with elements of large facade cladding and
with summer and communal external areas (taking
into account their aesthetic qualities).

3. A significant positive effect of external sta-
tionary SPD on D levels in rooms in regions with
a sunny climate was determined both in full-scale
studies and in theoretical studies using the “clear

Medium efficiency of

Minimum efficiency of the
resource

sky” technique. Moreover, in diffuse external il-
lumination, the SPD weakens the internal illumi-
nation more than the lower SPD amplifies it with
a small reflection of the luminous fluxes.
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ABSTRACT

The main European laws regulating the energy
efficiency, labelling and eco-design of lighting pro-
ducts are considered in the article.
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sign, directive of the European Union, regula-
tion of the European Union, lighting products, class-
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The main objectives of the European Un-
ion’s (EU) uniform energy policy are the transi-
tion towards renewable energy sources, the increase
in energy efficiency, the decrease of greenhouse gas
emissions, the creation of a uniform energy mar-
ket and support of the development of competi-
tion within it.

In December 2008, an EU summit affirmed the
program on abatement of climate change for 2013—
2020, developing the 20-20-20 goals. This plan in-
cludes a 20 % growth target for energy renewable
sources in the overall power consumption landscape
by 2020, a 20 % reduction in polluting greenhouse
gas emissions compared to 1990 levels and a gene-
ral reduction in energy consumption of 20 %. The
20-20-20 plan aims to make EU economies energy
efficient and reduce fuel consumption.

In January 2014, the EU began the implemen-
tation of a new programme of work, focusing
on scientific and technological innovation, called

Arthur Clark

“Horizon 2020, which combines framework pro-
grammes of the EU on scientific research and deve-
lopment, on competitiveness and innovation. Prior-
ity is given to high efficiency eco-, nano-, bio- and
info-technologies aimed at solving social and envi-
ronmental problems. These include safe, clean and
efficient power generation, climate change, efficient
use of resources and raw materials.

The EU applies an integrated approach to build-
ing a legislative base in the energy efficiency, label-
ling and eco-design fields. The main legislative in-
struments of the EU are Directives and regulations
issued by the European Parliament and EU Coun-
cil, which regulate product standards for all produ-
cers in EU member states. Adopted Directives and
regulations are increasingly targeting electronic de-
vices, including lighting products. In this context, it
is impossible to implement an effective energy sav-
ing policy in Russia without commiting to the stan-
dards set by EU Directives and regulations.

An important factor, which can assist consumers
in correctly choosing high-efficiency lighting pro-
ducts out of the existing product line, is energy ef-
ficiency labelling. Labelling influences a product’s
competitiveness, because the label also indicates
quality and reliability.

Over the last few years, the European Parliament
has introduced some additions and changes into the
adopted directives on energy efficiency, labelling
and eco-design of household electrical appliances.
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The new Energy Labelling Directive 2010/30/EU
[1], which replaces directive 92/75/EEC [2] from
June 18, 2010 on labelling power-consuming pro-
ducts, with an energy efficiency label and replaces
EU regulation 874/2012 on labelling electric lamps
and luminaires, with an energy efficiency label [3]
supplementing directive 2010/30/EU, establishes
that energy efficiency labels are necessary for all
electrical household appliances on the EU domes-
tic market. According to these documents, energy
efficiency information on the labels depends on the
product’s energy efficiency level: from A to G. Rel-
evant information on the energy efficiency labels
of household lamps sold in European shops helps
buyers choose the products.

According to EU regulation #874/2012 on la-
belling, the energy efficiency label of electric lamps
and luminaires establishes two more energy effi-
ciency classes for products, which meet the high-
est market standards for energy parameters: A* and
A*™*. If luminaires have the highest class of energy
efficiency (A" or A*), then the lowest classes (E, F,
G) for such luminaires should be excluded from the
label by means of their lining through in the label.
And otherwise, in case luminaires cannot have ener-
gy efficiency class higher than class B, then high-
est classes (A * and A **) are lining through in the
label!.

Fig. 1 presents examples of labels [3] for electric
lamps and luminaires, which should be presented at
point of sale.

EU regulation 2015/1428/EU [4] establishes a re-
quirement, based on which luminaires placed on the

Fig. 1. Examples of labels [3].
a — for electric lamps; b — for lu-
minaires compatible with lamps
of power consumption classes
B, C, D, E equipped with energy
efficiency lamps of class E; ¢ —
for luminaires compatible with
built-in non-interchangeable
LED lamps; d — for luminaires
containing built-in LED lamps
and sockets for replaceable
lamps of power consumption
classes A**, A* A/C,D,E
equipped with power consump-
d tion lamps of class N

EU market should be compatible with high-effi-
ciency lamps of class A*. After adoption of regu-
lation 2015/1428/EU and amendments to EU re-
gulation 1194/2012 [5], it can be expected that
further EU directives and regulations will be adop-
ted, which will determine a list of indices for ener-
gy efficiency classes A* and A ** for high-efficien-
cy light sources, including LED products, as well as
developing methods of determination of energy ef-
ficiency classes for such light sources.

In 2005, the EU Commission adopted directive
2005/32/EU [6] and the correspondent regulations
#244/2009 [7] and #245/2009 [8] establishing re-
quirements for environmentally friendly power-con-
suming products. According to this directive, the
manufacturers should undertake measures for ener-
gy consumption reduction and to decrease other ne-
gative impacts on environment at all stages of the
product’s service life. This approach was named
ecodesign. Ecodesign is a new concept in EU coun-
tries, which aims to decrease the energy consump-
tion of household electrical appliances. Ecodesign
establishes requirements for the structure and opera-
ting parameters of electrical household appliances,
in order to avoid harmful impacts on environment
(limitation of application and reduction of toxic
substances in production) and to be energy effi-
cient. According to directive #2005/32/EU, a manu-
facturer must include information concerning envi-
ronmental friendliness of the product and its level
of energy efficiency on the packaging, which allows
consumers to compare products before purchase.
Electrical household appliances, which includes

' As for the Russian Federation, in 2011, a project of the Engineering regulation of the Customs union was developed “About
informing consumers on energy efficiency of electric power-consuming devices” (http://www.eurasiancommission.org/ru/act/texnreg/
deptexreg/tr/Pages/InformEnergy.aspx) but it has not been adopted yet. In the territory of the RF, GOST P 549932012 “Household
Lamps. Indices of energy efficiency” is valid, within which classes A* and A ** are not provided for. — Editor’s note.
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Table 1. Luminous flux of energy efficient lamps and power of the equivalent incandescent lamps [7]

Luminous flux, Im
- — - Power of equivalent incan-
Compact Halogen Light-emitting diode descent lamp, W
fluorescent lamps incandescent lamps and other lamps

125 119 136 15

229 217 249 25

432 410 470 40

741 702 806 60

970 920 1055 75

1398 1326 1521 100
2253 2137 2452 150
3172 3009 3452 200

lighting products, impact the environment during
their service life. The impacts include raw materi-
als and natural resources used in their production,
packaging, transportation, sale, operation and utili-
sation. Besides, ecodesign ensures reducing energy
resource consumption, which is an important com-
ponent of the EU policy. And it should be noted that
in [7] for the first time, a requirement was official-
ly formulated, according to which “ If equivalence
with an incandescent lamp is claimed on the pack-
aging, the claimed equivalent incandescent lamp
power (rounded to 1 W) shall be that correspond-
ing in Table 6 to the luminous flux of the lamp con-
tained in the packaging. The intermediate values
of both the luminous flux and the claimed incandes-
cent lamp power (rounded to 1 W) shall be calculat-
ed by linear interpolation between the two adjacent
values”.

To expand the scope of directive #2005/32/EU,
directive EU2009/125/EC [9] concerning require-
ments for ecodesign of directional light luminaires,
LED lamps and the accompanying equipment was
adopted in 2009. According to the mentioned direc-
tive, for each service life stage of a product, ecolo-
gical aspects should be estimated including the fol-
lowing parameters: expected consumption of raw
materials and other material as well as resources
and energy; expected lifecycle emissions into the at-
mosphere, water, or soil; pollution including noise,
vibration, radiation, electromagnetic fields; poten-
tial for material recycling and utilisation. In Direc-
tive 2009/125/EU ecodesign requirements cover
the full extent of lighting products’ design (mer-
cury concentration and emission, carbon dioxide
emission into atmosphere, electromagnetic compat-
ibility, etc.). And the existing requirements for pro-

duct energy efficiency labelling, as well as a volun-
tary deposition of the ecological label are applied
along with the requirements established by ecode-
sign directives.

A voluntary ecolabelling of light sources is es-
tablished by EU decision #2002/747/EU. Manufac-
turers can display the EU Flower (Fig. 2) awarded
to products most the favourable environmental cre-
dentials, if they meet requirements [10] on eco-la-
belling. To obtain the right to eco-labelling, pro-
ducts must meet certain conditions:

— The product should correspond to a high class
of energy efficiency, at least to class A;

— Use of toxic substances should be limited
in the product. For example, mercury concentra-
tion in discharge lamps should not exceed values
stipulated by directive 2002/95/EU [11].

Furthermore, certain operational parameter re-
quirements must be met, such as lifetime, luminous
flux, as well as other parameters determining lamp
quality.

The European experience shows that energy ef-
ficiency requirements for lighting products change
significantly with time, becoming more stringent,

Fig. 2. EU eco label
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which is confirmed by continuing adoption of new
directives and regulations, as well as amendments
made to current regulatory documents.

Continuously monitoring the directives and re-
gulations which exist in the EU will allow Russian
lighting product manufacture to consider all of the
requirements of the European market, including
energy efficiency, labelling and ecodesign, which
will eventually facilitate an increase in lighting pro-
duct export.
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ABSTRACT

The article is dedicated to the development
of shipboard lighting facilities of take off and land-
ing operations for aircraft from the deck of carri-
er-capable ships, undergoing transition to modern
semiconductor radiation sources: high power light
emitting diodes and laser diodes. A method of cal-
culating far-field parameters of light signal systems
(AC), visual analyser threshold and statistical mo-
dels for the evaluation of the parameters of light
fields under formation and application of the radia-
tion transfer equation for evaluation of a possibility
to be oriented by diffuse light ray are analysed. De-
velopment prospects for near-field beacon systems
(YO) based on the projective principle of informa-
tion formation are considered.

Keywords: monochromatic sector, light field,
AS beacon system, YO beacon, threshold model,
statistical model, visual analyser, radiation transfer
equation, radiation semiconductor source

1. INTRODUCTION

Take off and landing operations of carrier-based
aircraft on air-capable ships is the most emergen-
cy prone part of flight. Transmitting visually per-
ceived information to the pilot on a safe movement
trajectory and in position on take off and landing
site (TOLS), in situations when a sip may be rolling
considerably, increases the need for safety. Quality
of light-signal information directly depends on the

type of light source used. In the YO beacon sys-
tems, application of hyper-luminous light emitting
diodes (LED), has become a global trend. In the
AS beacon systems, electric lamps with light fil-
ter units were used until recently, which provi-
ded low contrast, a limited range of operation and
wherein key light field parameters were difficult
to control. During the last decade, a gradual tran-
sition to hyper-luminous LEDs in these systems
has occurred. A similar process has been observed
with take-off direction pointers, the development
of which is connected with solid-state, and lately
with semiconductor lasers. In view of the require-
ments of carrier-based aircraft lighting systems,
the following sections present solutions for the de-
velopment of light field parameter calculation me-
thods for AS beacon systems, and their evalua-
tion based on the threshold and statistical models
of the visual analyser. Use of the radiation trans-
fer equation in a diffusing environment to deter-
mine energy parameters of radiation sources is also
involved. Perspectives of replacing existing YO
beacon systems with projective systems capable
of significantly expanding the scope of informa-
tion provided and to make perception more com-
fortable are considered.

2. THE CALCULATIONS

Take off and landing operations of carrier-based
aircraft largely depend on the orientation of the
visual light field of the shipboard light-signal equip-
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ment as sight provides the most reliable information,
especially under the rapidly changing conditions.

Light-signal shipboard systems (Fig. 1) can be
divided by the following conditions:

— By their placement (aircraft carriers, mixed
types, helicopter carriers of single and group
deployment);

— By application stage: AS beacon (colour-flash-
ing dotted and position), or YO beacon (position, in-
dicative, restrictive, illumination);

— By orientation method (direct radiation and
radiation of collimated light ray diffused in the
atmosphere);

— By location (deck or bulkhead);

— By mobility degree (immovable, low-mobile,
mobile).

The most strict requirements are applied to the
light fields of an AS beacon because of the need
to exactly position an aircraft, which is related to the
high risks associated with the low height of the final
flight stage. An exact stableglide path and course
trajectories from the moment of capture of the final
approach track is provided by visual orientation us-
ing colour-flashing lights.

All AS beacon systems are sector navigation sys-
tems (SNS), forming fields of several monochro-
matic sectors with different flashing characteristics.
Each sector is formed by a group of independent ra-
diators, which use hyper-luminous monochroma-
tic LEDs as a radiation source. Radiator fields are
identical by their parameters and orientation and
superimposed on each other in space with a high
degree of accuracy (deviation from the sector op-
tical axis is no more than one angle minute). The
method to calculate light fields uses the sector di-
agram parameters and the method of determining
a transitional area width between sectors is used.
Due to the specific nature of the task, a new me-
thod needed to be developed. Calculation of distri-
buting illuminance in a cross section of the sector
diagrame requires a simultaneous accounting ra-
diation source (LED) and optical system parame-
ters, as well as parameters of atmosphere, obser-
vation conditions (including radiation luminance
of the observed light diffused in the atmosphere),
and of the detection probability [1]. As a result,
configuration of the monochromatic sector diagram
is determined, within which AS beacon light is per-
ceived with a probability not lower than the pre-
set. The method is based on interpreting the light
field as a radiation source of several images, based

Lighting facilities of ensuring flights
of deck-based aircraft

Non-onboard Onboard
Aircraft : : Head- :
carricrs Helicopter carriers | ghts ]sd;;ltglrgg
: Take : Take
Landing off Landing off Take off pointer
YO AS YO AS - Glide path beacon
beacon beacon beacon beacon  _ Course beacon;
- Locating beacon
-Runway - Glide Deck Hangar
lights; Patht. lights  lights Horizon pointer:
- Runwgy g}(l)sstlelrgrsl; - Roll lights
searchlight - Locating - TOLS lights - Vertical
beacon - Landing movement
T lights indicator
- Lights of flight
permission/curfew
- TOLS searchlight

Fig. 1. Lighting facilities to ensure air-capable ship flights

on which the sector diagram is plotted, at different
distances from the system. Illuminance spatial dis-
tribution is dedermined by the expression:

E 38D =5 [ [ 000

exp[—i27(V, X, di +V, y; é)]dv'xdv'y,

where g'(V,,Vy) = 9(V,,V,)IT\, D;(v,,v, ) is the im-
age spectrum; Vy, Vy are spatial frequencies; g(Vy, Vy)
is source spectrum; D; (Vy, Vy) is the optical transmis-
sion function (OTF) of the optical system, of diffus-
ing and turbulent atmosphere. (Dgc (Vy, Vy) is propor-
tional to the coupling factor of the aberration level
with structure data of the optical system Ky, m3);
d; is distance from the optical system to the image
plane (X, ).

The angular luminance distribution of the ob-
served light radiation diffused in the atmosphere
is determined by the expression:

_ f(ﬂ)a Ei(Xi,yi,di)e"gp.
o '[pi 47 cos 3, d

i

where ¢ is the atmospheric radiation attenuation in-
dex; f(B;) is indicatrix of radiation diffusion in vol-
ume dV; o is diffusion index.

Parameters of f(fi) for different meteovisibility
values Sy, are given in Table 1.
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Table 1. Diffusion indicatrices for various states of atmosphere ( f{f5))
Bi, Ideal Clear Sea haze, Coarse foggy sea haze, Sea fog,
rade atmosphere, atmosphere, S =4 km S = 1km S =02 km
£ S, = 50 km S, =20 km M u w= O
0 1.49 4.72 22.2 69.2 408.16
10 1.4 4.36 12.44 24.86 33.98
20 1.31 4.0 6.94 8.88 2.79
30 1.202 3.312 3.89 3.19 0.233
40 1.094 2.624 2.17 1.14 0.019
50 0.986 1.936 1.214 0.41 0.0016
60 0.9495 1.6045 0.68 0.146
70 0913 1.273 0.38 0.053
80 0.8765 0.9415 0.21 0.019
90 0.84 0.61 0.12 0.0067
Evaluation of visual perception is implemented
accounting for additional background luminance
Monochromatic sector , caused by diffusion of the observed light in radi-
diagramme Luminance . . . .
pokpasaral ation atmosphere. The influence of this factor in-
Luminance creases with reduced meteovisibility, and it is es-
oS 7 9f background pecially potent when making observations over the

i SN radiation

pv .
E(x,y,d,) i SN light
Xi
Ex,y,d;)
Distribution
Boundary of visually of illuminance
perceived monochromatic in an image

light field

Fig. 2. Formation of the light information field monochro-
matic sector diagram for sector navigation system (SNS)

Angular radiation luminance distribution of the
system light diffused in atmosphere has values con-
siderably different from 0 within 15 angular minutes
only. With S, increase, luminance of diffuse radia-
tion quickly decreases. The process of forming the
sector diagram and of background luminance is ex-
plained in Fig. 2.

When simulating the light fields of light-sig-
nal systems, two visual analyser models are used:
a threshold model operating with the established il-
luminance levels for transport types [2], and a visual
analyser statistical model developed at the Light
and Engineering Chair of the Moscow Power Insti-
tute NRU, which considers the processes inside the
human eye more completely [3].

surface of the water when the atmosphere is saturat-
ed with aerosols.

In the case of background luminance L > 103
cd/m?, the probability of SNS colour light detec-
tion (P,) against the colour background with an
arbitrary luminance distribution over the light
and background surface is determined by a visual
analyser statistical model as follows:

1y t? m,—InA,
P =0,5+—| exp(——)dt; y=—"—,
[o] B +\/EJ.O Xp( 2) s y o

A

Xo(1,6)
X, (n,0)1 20V TT
mo= ] (7 )n(xb(n,e)] dndo,
—Xo(7,0) + Xy (17,0)

0,5
(H X,(17,0)In* O(ﬂ’e)d dH} ,

Xy (17,0)
where 6 and # are angular co-ordinates of SNS
background and light points, angular minutes;
is vision field, str; 4, is the threshold likelihood ra-
tio; t is the parameter of normal distribution; X,(7,
) and Xy(n, 0) are mathematical expectations of an-
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Table 2. AL of colour lights for sector boundaries of the light field

Observation conditions AL, ¢d/m? (night, twilight) AL, ¢d/m? (day time)
Red 7.23 (on green) 107.1 (on white)
Green 11.41 (on red) 168.9 (on white)
Green 11.78 (on yellow) 174.3 (on white)
Yellow 15.94 (on green) 235.9 (on white)

gular density of an eye receptor output signals when
sighting SN light and background respectively.

The general expression for X (17, ) (min) calcu-
lation is given by equation

X(n,H)z%(IH,L%lna})lna},

2

where

R 2
0,04 + 0, 68exp —[—J +
26

a, =83,4 )
+0,28exp —i
100

a, =1,0524/ [O, 0524 + exp(—EH,
6

a, =1+0,00025a,a,L,

a, =79,5[5-3th(0,4-IgLy, )T,
R = \'772 + 62 s

L and Lg, are observed luminance and average
observed luminance of SNS light and background
when determining X, (#, ) and X,(, 0) respective-
ly, # and 0 are in angular minutes, L is in cd/m?,
X (n, 0) is in min~2.

The result of applying the statistical model is the
determination of luminance difference 4L between
colour light and background, at which light is made
evident with a preset probability. For the bounda-
ries of red, green and yellow sectors of the system
light fields, the result is given in Table 2 (P, = 1)
and in Fig. 3.

It follows from the obtained results that the an-
gular width of transitional areas does not depend
on the time of day. And at night, background lumi-

nance is determined by the diffusion of light radia-
tion in the atmosphere. At day time it is determined
by diffused sunlight.

The proposed calculation method is applied for
the simulation of the monochromatic sector diagram
at different detection probabilities, different meteo-
visibilities and degrees of atmospheric turbulence:
(low, when structural constant of refraction index
C? = 10715 m23), average (10~'% m23) and high
(1013 m23) and different background luminances
(time of day). A shift of the sector boundary caused
by atmosphere turbulence at an expansion distance
of d; is characterised by a dispersion o} (index r
means shift in a perpendicular direction to the radi-
ation expansion), by mean-square deviation o, (un-
certainty of visual SNS positioning is about 2o,),
which is determined by the following expression [2]

—\2
o, =y(r-r) =135C,27"d|7"?,

L, cd/m?

Red sector Yellow sector

Green sector

L,, day

L,
twilight
a, ang. min.

L, night

A width of the transitional
area between yellow
and green sectors

A width of the transitional
area between red
and green sectors
Fig. 3. A cross-section of a multi-coloured light field
formed by SNS taking into account diffusion of SN'S
radiation in the atmosphere (observation distance is 230 m,
meteorological visibility range is 200 m)
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Fig. 4. Determining the width of the transitional area:

1, 2 and 3 are radiator groups with A = 505, 590 u 625 nm
respectively; 4, 5 and 6 are sector diagram with A = 505,
590 and 625 nm respectively; 7 and 8 are transitional areas
between sectors with A = 505, 590 nm and 590, 625 nm
respectively

where r is the current shift of the sector boundary, I
is average shift of the sector boundary.

The calculation results for the working interval
of wavelength of (505-630) nm show that the in-
fluence of turbulence is almost not selective, and
the mean-square deviation value is only determined
by the degree of turbulence. The spatial shift of the
monochromatic sector boundary is no more than
10 % of the transitional area width, and within this
sector, turbulence does not influece light perception.
The simulation results for various weather condi-
tions and time of day allow drawing an important
conclusion that sector angular dimensions and dia-
gram configuration do not change when the visibi-
lity range is changing: this is necessary to form the
sector information field and provide a high preci-
sion of visual orientation.

Current width of transitional areas between sec-
tors is characterised by a smooth change of colour
and determined by the following expression [1]
(designations are according to Fig. 4):

Zy

A(dl.):(d(di)—i(d(zM)—r)—r] "

\/254 + 0,25(0’(244)— r)z

b

where r is the linear size of radiating surface of a ra-
diator group.

The calculation results of the transitional areas
and of the experiments (number of observers was
3-5, number of observations at the specified range
for each observer was 5) are given in Table 3. These
results show that the width of the transitional areas
between the light field sectors remains within 5-7
anglular minutes regardless of external conditions,
which corresponds to the flight requirements and
is confirmed by the results of experiments. Forma-
tion of the sectors by radiator groups ensures an ab-
sence of dazzle when observing light at short dis-
tances because of the separate perception of the
radiators, which is of a current concern for air staff.

When taking off at night, a visually perceived
movement trajectory is necessary. For this pur-
pose, a take off direction pointer is used, which
generates a light ray stabilised in space, by which
diffusion of visual orientation occurs. Its efficien-
cy is determined by atmosphere’s influence on the
ray expansion: by absorption of radiation and dif-
fusion in the environment thickness. A calcula-
tion of passing optical radiation through a thickness
of a muddy environment is based on the solu-
tion of the radiation transfer equation (RTE) us-
ing the Green function method. RTE Green func-
tion used in most cases at the transfer analysis,
is calculated either with approximation of one or
two diffusion multiplicity, or within a low-angle
approximation, which significantly limits its field
of application. The first approximation is limited
by a small optical distance area, and low-angle ap-
proximation is only correct for environments with
maximum anisotropic radiation diffusion, when al-
most the whole luminous flux is diffused by an en-
vironment volume element concentrated in angle
range from 0 to (10—15)°. However atmosphere
over 90 % of time is either in haze state with no
more than (20-30) % of diffuse luminous flux, or
in foggy haze state, when 50 % of diffuse lumi-
nous flux is concentrated in the specified angle in-
terval [4].

With the calculation difficulties overcome, the
Green function takes the RTE solution obtained
within low-angle approximation only, neglecting
dispersion of diffused photons, which allows ob-
taining a universal method for calculating optical
radiation transport through a muddy environment
[4] and determining an observer’s eye illuminance
E,i by radiation diffused in the atmosphere (Fig. 5):
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Table 3. Width of the transitional areas between sector diagrams (with p = 0.5)

d;, m 200 500 | 1000 | 2000 | 4000 | 6000 | 8000 | 9000 | 9500 | 10000
M/l nm | S, km | Time A(d)), m
0.34 | 0.87 591 13.31
505/590 ) 033" | 0.72* 1.7 3.31 623" 9.16 13.78" 5.75 0 0
50 night
0.33 | 0.81 5.88 13.67
590/625 035 | 0.79* 1.64 | 3.25 6.55" 8.92 14.00" 11.94 | 7.92 0
505/590 s - 034 | 0.87 | 1.76 | 3.36 0
night
590/625 034 | 083 | 1.73 | 3.34 0
505/590 85471* 100925* 0
0.8 | night 0’ = O' -
590/625 0 '68* 1 66* 0
505/590 (());‘Z* 0.78 | 1.55 | 3.14 5583;‘* 8.57 0
50 |twilight — :
590/625 003;35* 0.71 143 | 3.22 652{17* 8.8 0
505/590 (?;41* 0.75 11 5516* 0
% day 0 3 1. 38
590/625 0 3;5* 0.87 1 '72* 0
o EAX(T) e T is the unit vector of the visual analyser direction; E,,
" 4rS,, is the illuminance of spatial distribution; -n is the
atg(f s direction reverse to the direction of radiation beam
I o E,(F,Ny —>Ne(f,f —-mS_ (MHAL(F),  expansion; S; is visual analyser (eye) pupil area;

a2

where N, is the unit vector of the radiator beam
axis; o(w) = eAX(x) is the backward diffusion of the
environment; X(m) is the diffusion indicatrix value at
an angle of 180°; gy is solid angle of an observer’s
eye field of vision (at the tome of take-off); 4 is the
cabin glass transmission factor; a is basic distance;

A

Sray 18 the ray of the cross-sectional area.

When calculating, the following parameters
were used: a ten-fold excess of illuminance thresh-
old for the night sight level of reliable recognition;
wave length of 540 nm; meteovisibility interval
of 0.2-5 km; basic distance of 30 m. The obtained
power of the light ray at the take off direction point-
er output is above 2 W.

L

A

o]

Ray direction

Visual
analyser

\ 4

Atmosphere
layer

Fig. 5. Determination of an observer’s eye illuminance created by diffused radiation. (Here "Source"
is a device forming light rays)
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When approaching and hovering of an aircraft
over TOLS, visual orientation is possible due to the
YO beacon lights, i.e. by extended light sources, for
the perception analysisof which it is most practical
to use a statistical model of the visual analyser.

To perceive lights from different directions from
distances less than 200 m, their spatial light distri-
bution should have axial luminous intensity of 0.2—
0.3 cd and a radiation angle not less than 120° (i.e.
luminous intensity at radiation angle sides equal
to the axial half).

3. DEVELOPMENT PERSPECTIVES

Already today lighting equipment on air-ca-
pable ships, which illuminates take off and land-
ing operations has been developed into quite ad-
vanced systems, which give the pilot a minimum
necessary scope of visually perceived information.
A new direction of the systems development rela-
tive to the YO beacon can be an improvement of the
information delivery method. Taking into conside-
ration the rapid development of light-projection fa-
cilities, many YO beacon lights (lights of roll, ver-
tical movement and landing T indication) can be
replaced with their projected pictures on the bulk-
head elements of a ship. This will provide pilots
with more comfortable conditions for their obser-
vation when hovering over the deck, when the col-
lection of the large information on the movement
of the ship TOLS is necessary.

4. CONCLUSION

The expressions presented in the article to deter-
mine parameters of the light fields and energy cha-
racteristics of radiation sources and be combined
with the visual analyser threshold and statistical
models applied for the analysis allow simulating
systems. The AS and YO beacon can be analysed
using these methods in order to determine the pa-
rameters, which most fully met the flight support
requirements of carrier-based aircraft on air-capa-
ble ships.
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ABSTRACT

Characteristics that define luminous and elec-
trical features of flexible electroluminescence light
sources (ELLS) are discussed. A computer model
of ELLS in combination with a power supply unit
was designed. A serial RC-circuit served as a load
in the model. The model is highly adequate to the
real object and that was proved by measured oscil-
lograms of voltage and current.

Keywords: electroluminescent light source, lu-
minance, phosphor, computer simulation, electric
capacity, RC-circuit, timing diagram of voltage and
current

1. INTRODUCTION

Electroluminescent light source (ELLS) is an
up-to-date highly efficient source of uniform opti-
cal radiation which may have large area and gen-
erate light of various wavelengths. This product
may be used to illuminate instrument panels of dif-
ferent steady-state and mobile devices; in signal-
ling and long-lasting emergency lighting systems;
in advertising displays with wide composing abili-
ties. An ELLS may light from below an image print-
ed on a transparent film and provide a picture with
a quality and brightness similar to monitor display.

An ELLS is a solid-state source of optical radi-
ation, which transforms electrical power into light
with an efficacy of 80 %. Rather simple design,
thinness, diversity of dimensions and shapes,
low power consumption, resistance to vibration,
damp, cuts and punctures — are additional benefits

of ELLS. Its main characteristics are as follows:
supply voltage U (about 150V); supply frequency
(f =1000Hz); luminance B (reaching 45¢d/m? under
f=50Hz and U =220B, and 200 cd/m? under f=1000
Hz and U=150 V).

2. TEST DESCRIPTION

A luminous panel consists of two main layers lo-
cated between plane electrodes. As a matter of fact,
electroluminescent panel is a capacitor with two
transmitting (transparent and non-transparent) sur-
faces, i.e. electrodes. A layer of zinc sulphide phos-
phor with binder and dielectric sheet are placed be-
tween the electrodes. The ZnS luminescent solid
D512C-GG was made in China and radiated a tur-
quoise light. The second dielectric sheet comprised
a thin plate of porous aluminium oxide in an epox-
ide binder mixed with a barium titanate BaTiO3
ferroelectric taken in a weight ratio of 2.5: 1, and
a wetting agent — hydroxyethyl phenol OP-10.

The luminescence of this source follows the
Lambert law, i.e. its luminance does not depend
on the viewing direction. The glow starts when an
alternating voltage is applied to two conducting
layers. This is an electroluminescence process (De-
strio effect). The phosphor emits light quanta dur-
ing both half periods of voltage, and its instant lu-
minance is a periodic function of time [1, 2, 4]. The
ELLS luminance depends on the magnitude, shape,
frequency, and duration of current pulses running
through the panel. Thus it is related to the opera-
tion of power supply unit, which has to provide an
advantageous combination of amplitude and fre-
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Fig. 1. Computer model of power supply unit

a) Voltage time chart

6) Current time chart

Fig. 2. Time charts of voltage and current

quency of voltage, and optimum shape and dura-
tion of pulses [1,2].

Since ELLS is a plane capacitor, electric capa-
city C is its main feature. Let us derive the equa-
tion for calculating capacity C.

Ignoring leakage current of ELLS, the complex
resistance may be equal to the resistance of equiva-
lent capacitor Xc:

Xc

1 U
T (D

B 2z fC B

where f is a frequency of alternating current, Hz, | —
a current running through ELLS, A.
The value of C may be expressed as follows:

C= .
2z fu 2)

The capacity makes a significant effect on the
magnitude and shape of running current, and hence,
on the luminance of a panel and operating modes
of power supply unit [3].

Knowing the capacity C of a panel, phase shift ¢
between current and voltage, one may determine the
active resistance of luminescent layer:

1

R 2rfctgs )

For example, if panel capacity calculated from
the equation (1) equals to 0.24 mkF, then under f=
1000 Hz and ¢ = 66° the active resistance of fluores-
cent layer in ELLS is 290 Om.

Fig. 1 shows circuit diagram of designed con-
verter for power supply of ELLS. The diagram
is adapted for computer simulation within OrCad
software.
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u, V

a) Oscillogram of voltage

7, ms

6) Oscillogram of current

Fig.3. Oscillograms of voltage and current under
L1=16 mHn

The scheme elements: VD2 — VD9, C2, C3 are
the part of a rectifier (R). Stand-alone voltage in-
verter is built on the base of transistor switches
VTI — VT6 and capacitors C7, C8. The control
system consists of generator of rectangular puls-
es based on “not”-logic elements (DD1, DD3, DD6,
DD?7), pulses distributor (DD2 trigger) and “or-not”
logic elements (DD4, DD5) that provides the time
period (“dead period”) when the transistor switch-
es VT6, VT7 are closed. Variation of the resistance
R2 enables to change time interval and genera-
tor pulses duty cycle and thus to control the shape
of the current running through ELLS.

One of the main elements of the circuit that de-
termines its weight, dimensions, and running para-
meters, is a choke with inductance L1. The choke
is designed to limit and smooth pulses of alter-
nating current (AC) of ELLS and thus to provide
the optimal luminous and thermal mode of opera-
tion of a panel.

At the circuit (see Fig.1.) capacitor C6 and re-
sistor R11 serve as a load and take into account the
panel capacity and fluorescent layer resistance.

Fig. 2 shows the time charts of voltage and cur-
rent resulted from computer simulation.

The charts correspond to operational mode
of power supply unit with a load (ELLS) having
the following parameters: capacity — 0.25 mkeF, re-
sistance of fluorescent layer — 290 Om, inductance
of a choke L1-16 mHn.

To validate the results of computer simula-
tion we obtained the oscillograms of voltage and
current running through ELLS (see Fig.3) while
operating with a real power supply unit made
by the scheme shown in Fig.1. The electrical capa-
city of the panel was 0.24 mkF.

A comparative analysis of results obtained from
computer simulation and measurements (oscillo-

grams) gives reason to make a conclusion that the
computer model of power supply unit and ELLS
(as a serial RC-circuit) corresponds to real physi-
cal objects.

It is possible to derive from calculated and me-
asured oscillograms under given input electrical
parameters of luminous structure the following
output characteristics: actual voltage — 130 V, actu-
al current — 300 mA, thus, according to data from
[1] the luminance of ELLS with A3 dimensions
will be about 140 cd/m? under the temperature
of 35 °C.
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ABSTRACT

A technique for choosing circuit breakers for the
effective protection of outdoor illumination pow-
er lines on highways against short circuits and
to increase power supply reliability is presented.
The technique is based on the principle of electric
circuit sectioning.

The technique allows determining places to in-
stall protection devices graphically and using cal-
culations in long lines of road lighting illumination.

Keywords: outdoor illumination power line,
road lighting and highways lighting, electric power
supply system, short circuit protection

1. INTRODUCTION

Road safety is directly connected with the reli-
able and effective operation of outdoor illumina-
tion power lines (EIPL). A review of publications
on this subject has confirmed the relevance of in-
creased EIPL reliability and of ensuring high perfor-
mance of light source characteristics for luminaires
with an uninterrupted power supply [1-7].

Methods exist for choosing conductors and plac-
ing protection devices (PD) in power lines of high
and low voltage [8] but they are effective for pow-
er supply systems and electric power lines connect-
ing a transformer substation (TS) with the loading.
In long power lines with a distributed load, espe-
cially of low power, this technique does not allow
choosing an effective short circuit protection. EIPLs
of highways are among such lines. Such EIPLs are,

as a rule very long, up to several kilometres, and
have low power distributed along the whole length.
Short circuit (SC) mode in EIPLs on highways has
a feature: SC current at the end of the line is, as
arule, less or closer to the loading current at the end
of the line. In this case, automatic circuit breakers
installed in the 0.4 kV distributing device at the TP
do not disconnect the loading, if SC occurs at the
end of the line.

In this article, a technique for selecting PD
on long power lines with a distributed loading is gi-
ven. The technique is based on sectioning of the
lines. The whole power line is divided into sites
(sections), each of which is protected by its own au-
tomatic circuit breakers.

2. FORMULATION
OF THE PROBLEM

When developing the technique, the first task
was to compute CS current at point i of the line at
a distance of |; from TP and to find node j of the
connected loading at a distance of Ij from TP, where
it is possible to install a PD for effective protec-
tion of the line section l; - I;. For this technique, two
conditions should be met:

— To provide an acceptable PD response time,
CS current should be not lower than the PD rated
current of a preset multiplicity:

I Kl (1)

sc —
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— the PD rated current should be not lower than
the loading rated current in node j:

1,21

1] rj*

3. CALCULATION METHOD
FOR THE SOLUTION

SC current is calculated in accordance with a na-
tional standard (GOST) [9]. The replacement cir-
cuit of the electric power supply system contains
a TP transformer and power line replacement cir-
cuits. When calculating complex impedance of the
replacement circuit, resistance of switching devi-
ces, contacts and other elements which comprise
the electric power supply system are also taken
into consideration.

Active and reactive resistances of the transform-
er’s positive sequence are calculated based on the
rated values, for example according to the formulae
given in [10]. Negative sequence resistance of the
transformer and positive as well as negative se-
quence resistance of other replacement circuit el-
ements are selected in accordance with GOST [9].

In 0.4 kV networks, minimum currents appear at
non-symmetric SCs. Therefore as a criterion for PD
choice, single-phase SC current IV _ is accepted:

I(l)cs :\/5 Uav /
SR + Ry +(2X5+ X,

’ 2)

where U,, is the average value of low voltage,
which for a 380 V circuit is equal to 400 V; Ry and

LA
Short-circuit current

Three times rated load current

Three times rated currents
of protective devices

n

Fig.1. Distribution of short circuit and loading currents in
power line nodes

Rg are total active resistances of positive and nega-
tive sequences of the electric power supply system
replacement circuit, Ohm, respectively; Xy and Xg
are total reactive resistances of positive and nega-
tive sequences of the electric power supply system
replacement circuit, Ohm, respectively.

To determine node j for PD installation, formu-
la (1) is used. After right part of formula (2) is sub-
stituted into the left part of formula (1), the follow-
ing inequality is obtained:

BU,, /JQR, + R +(2Xy + X,) > K,

If loading rated current is expressed in it us-
ing node j power, the following inequality will be
obtained:

BU,, /JQR, + R’ +(2Xy + X,)* 2

>(3P,,;n) /3 Ucosg, ©)
where P, j is power in j node, W; n is node number
from the connection point in the TP to node j; cosg
is a power factor. When designing, the power factor
is accepted to be equal to 0.85; U is rated voltage
of the electric power supply system, 380 V.

The result of solving the inequality (3), after
substituting parameters of the electric power sup-
ply system and replacement circuit into it, the load-
ing node (n), in which PD should be installed, can
be determined. Assuming the solution of this ine-
quality, distance from SC point in node i to PD j
unit, such a calculation will be at possible. Node
choice errors for PD installation using inequality
(3) are caused by the fact that PD rated current is se-
lected of a standard number of currents of automa-
tic switches or of automatic circuit breakers manu-
factured for use in electric circuits. If the difference
between loading rated current I; in node j and stan-
dard rated current |, in a PD is essential, Kl value
can exceed SC current. Substitution of the PD rat-
ed current into the right side of inequality (3) is also
not practical as there will be no relation in the ine-
quality with loading parameters. Using the consi-
dered technique, the author proposes the following
solution. Node number from TP to node j, in which
PDs should be installed, is determined as follows:

n=(P.~1,3Ucoso)/ B, @)
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Table 1. Results of choosing installation node and parameters for protection devices of an outdoor
illumination power line

Highway #1

Length of highway sections, km 0.585 1.193 1.73 2.566 3.055
Wire cross-section, mm? 150 120

Phase-zero loop resistance, Ohm 1.314 2.44 3.67 4.63 6.69
Rated current, A 87.7 70,9 55 38.4 17

SC current, A 527 284 189 150 103
Automatic circuit breaker current, A 100 80 60 50 25

::;;r?;;tlilémbers for automatic circuit breakers to 29 7 56 39 17

where Py is total loading of the electric power sup-
ply system, W.

PD rated current is selected as follows: CS cur-
rent is calculated at the end of the line, PD rated
current is chosen to be no more than 1/K of CS cur-
rent. After the selected protection rated current va-
lue is substituted into formula (4), the value of n
can be determined. A final choice of node j is made
using inequality (3): if it is not met, then the value
of n should be corrected. An experience of solving
these tasks has showed that if inequality (3) is not
met, the value of n should be reduced by choosing
node j-1. Further CS current in node j is calculated,
the node for PD installation is selected, and the pro-
tection interval is determined. Calculation for the
whole power line is performed in this manner. The
last node for PD calculation and installation is the
TP low voltage switch-gear device.

4. A GRAPHIC METHOD FOR SOLVING
THE TASK

The node choice task for PD installation of a pow-
er line site can also be solved graphically.

SC currents and threefold rated current in dis-
tributed loading nodes for automatic circuit breakers
with characteristic A are presented in Fig.1. In Fig.1,
lines corresponding to the least acceptable num-
ber of SC currents for switches with characteristic
A are also presented. The intersection point of PD
threefold rated current line with dependence line
of threefold loading current in nodes corresponds
to the n value, which is a lower boundary for the
node, where PD installation is practical. And maxi-

mum permissible PD installation node is the point
of intersection of the lines corresponding to PD
threefold rated current with an SC current line. The
effective range of a PD installed for example in n;
point is up to n, point, etc. The loading node for
a protection device has to be installed, should be se-
lected between the two above mentioned depend-
encies to have a sufficient SC response safety fac-
tor and a reserve for a small overload in the node. If
the graphic method of the task solution is used, the
line is plotted according to the selected PD as CS re-
sponse time is regulated by the Rules of Electrical
Facilities Maintenance and by characteristic of the
selected PD.

5. PRACTICAL IMPLEMENTATION
OF THE TECHNIQUE

The technique was applied when designing and
constructing a EIPL of a highway 6 km long, part
of the city road network of Samara. The EIPL has
four highway sites, each about 3 km long. As a re-
sult of the sectioning, each site is separated into 4-5
sections, each of which is protected by an automa-
tic circuit breaker group with rated currents corre-
sponding to the response conditions.

Calculation results for one section are given
in Table 1. The sections are connected using mast
contact breakers, in which automatic circuit break-
ers with parameters selected according to this tech-
nique are installed. As a result of the sectioning,
each EIPL section with luminaires is protected
against CS currents by its own automatic circuit
breakers. Besides, in case of CS emergence in the
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middle or at the end of the line, the main part of the
luminaires will work, because only some of the lu-
minaires will be switched off, which are in the CS
current coverage area.

6. CONCLUSION

The technique considered in the article allows
achieving the following:

1. To determine places for PD installa-
tion by graphic and calculation methods in a long
EIPLs of highways;

2. To increase PD efficiency when appearing SC
in a EIPL;

3. To increase the working reliability and effi-
ciency of electric equipment for highway EIPLs;

4. To ensure the normal functioning an EIPL
in case of an accident at the EIPL end.

Efficiency and performance ability of the tech-
nique proposed in the article is confirmed by an im-
plemented project: a highway EIPL successfully
operating in Samara.
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