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The paper presents a simple method of measuring the luminous flux value dedicated to LED
light sources. This method uses information about a spatial radiation pattern of the lighting
source under test and the results of illuminance measurements at the axis of this source. The
method is described and the results of the measurements obtained using this method and the
classical method are compared and discussed. Tests have been carried out for LED modules
of different geometries. The measurement error of the considered method is analysed.

1. Introduction

Solid-state light sources are used in lighting and auto-
motive applications. The basic component of these sources
are LED modules which consist of single LEDs operating
on a common metal core printed circuit board (MCPCB)
substrate [1, 2].

The properties of solid-state light sources are charac-
terised by many electrical, optical, and thermal parameters.
Information on the total light emitted is given in the form
of luminous flux values. This parameter numerically
characterises the light sent in all directions [3-5].

Manufacturers of solid-state light sources provide the
value of this parameter for selected operating conditions of
these sources. Usually, these are the maximum values of
this parameter at a fixed value of the supply current [6-8].
On the other hand, it is known from many papers [9, 10]
that the value of the luminous flux of the light emitted by
LEDs depends on the current supplying these devices,
temperature, mounting method, and the cooling system
used. In order to characterise the optical properties of the
considered light sources operating under fixed power and
cooling conditions, it is necessary to measure the luminous
flux.
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There are several commonly used methods for
measuring optical parameters of LED light sources using
a spectrophotometer, a radiometer or a photometer, and an
integrating sphere or a goniometer. A broad description of
the adopted methods can be found in Refs. 4, 6, 9, and 10.
When reviewing the source materials on LED measure-
ments, it can be seen that for them to make any sense at all,
a high-precision measurement method is necessary. Some
factors can significantly affect the measurement results,
such as the distance of the light source from the detector,
the internal temperature of such a source, or the light-
tightness of the measurement chamber in which the tested
light source is placed.

In Refs. 10—12, multi-domain models of single LEDs
and LED modules were proposed. These models were
verified for different cooling conditions and different
values of the supply current of the mentioned light sources.
One of the optical parameters determined using the
considered models is the luminous flux @y, the value of
which depends, among others, on the value of the forward
current and cooling conditions.

In Ref. 13, a setup for measuring the LED frequency
response is proposed and analysed. It is dedicated to high
luminous flux phosphor-coated white LEDs. In turn, the
method and setup for parameter determination and experi-
mental verification of a dynamic photo-electro-thermal
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model of LEDs with phosphor coating are described in
Ref. 14. The results of research on a reflector used in
a luminaire with variable luminous intensity distribution
are presented in Ref. 15.

Important parameters of solid-state light sources
are also the lifetime and reliability of these devices.
References 16—19 illustrate the influence of selected
parameters and cooling conditions on the lifetime and
reliability of these light sources.

The classical method of measuring the luminous flux
uses a photometric sphere with a suitable photodetector [4].
Such a device is characterised by large dimensions and is
not widely available in engineering laboratories due to its
high price. The classical method enables the measurement
of the luminous flux for light sources of various shapes,
dimensions, and ways of generating light.

The authors have developed an alternative method of
determining the value of this parameter dedicated to solid-
state light sources, which are characterised by small dimen-
sions. The idea of this method was presented in Ref. 10.

This paper presents the concept of implementation of
the developed measurement method and some measure-
ment results. These results were compared with the results
obtained using the classical method. The range of applica-
tions of the developed method was discussed.

Section 2 describes the measurement method. Section 3
presents the selected measurement results. Section 4
analyses the presented method error.

2.  Methodology

The idea of the measurement method is based on a point
measurement of the illuminance value obtained from the
light source under test and the use of a known spatial
radiation pattern. The light detector should be located at a
known distance from the light source being tested.

This method is implemented in five stages, including:
a) measurement of the illuminance £y in the axis of the

tested light source using a photometer placed at a

known distance r from this source;

b) determination of the spatial radiation patterns of the
light distribution emitted by the tested source from the
measurements using a goniometer or from the data
provided by the manufacturer;

c) approximation of the spatial radiation patterns by a
second-degree polynomial whose argument is the
emission angle and determination of the values of the
coefficients a, b, and c of this polynomial appearing at
the second power, the first power and the intercept,
respectively;

d) reading from the spatial radiation pattern the value of
the angle amax for which the approximate value of
illuminance is 0;

e) calculation of the value of the luminous flux @y from
the dependence

)
a alTlB.X
Dy = 2-7:-E0-r2-< 3 +c>-(1 — c08(amae)). (1)
If a radiometer is used instead of the photometer in a),
it will be possible to determine the value of the energy flux
@, using a formula analogous to (1), but instead of the
illumination Ey, it contains the optical power density /..

3. Results

In order to verify the correctness of the measurement
method described in section 2 (further called the original
method), many measurements of luminous flux values of
the selected light sources were carried out using this
method and the classical method [4, 10]. The measure-
ments were carried out for a single LED of the MCE type
by Cree, mounted on a 35 x35 mm MCPCB substrate,
a Ring XRE module containing 6 LEDs of the XRE type
placed on a circle of a diameter of 28 mm on a PCB
containing a FR-4 substrate, a rectangular 8xXP-G2 module
of dimensions of 120 X 50 mm containing 8 LEDs of the
XP-G2 type situated at a distance of 20 mm from each
other. All the measured LED modules are shown in Fig. 1.

Table 1 collects the operational parameters of LEDs
operating in the LED modules tested. It can be seen that the
value of the emitted luminous flux @y for all tested LEDs
is in the range from 90 to 160 Im for the forward current
Ir=0.35 A, while for diode XP-G2, the maximum forward
current Irmax = 1.5 A, and for MCE and XRE diodes, the
maximum forward current /rmax =0.7 A. The value of the
light distribution angle ranges from 90° for XRE diode to
120° for XP-G2 diode. The LEDs in each tested module are
connected in series.

Table 1.
Operating parameters of the diodes contained in the tested
LED modules [20-22].

Power LED Pmax Irmax @v@0.35 A Viewing No. of LEDs
module W] [A] [Im] angle [°] in the module

MCE 28 0.7 100 110 4
RingXRE 2.8 0.7 90 90 6
8xXP-G2 45 1.5 160 120 8
(@) (b)
(©

Fig. 1. View of the measured LED modules: MCE (a), Ring
XRE (b), and 8xXP-G2 (c).

The study also analyses the standard LED lamps
marked as Lamp No. 1, Lamp No. 2 and Lamp No. 3. The
view of the tested LED lamps is shown in Fig. 2. Table 2
summarises the most important technical parameters of the
tested LED lamps.
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Fig. 2. View of the tested LED lamps: LED Niviss (a), LED
Spectrum (b), and LED Philips HUE (c).

Table 2.
Technical parameters of the tested LED lamps.

Lifetime

Light source @y [Im] [h] P[W] CCT K]
Lamp LED Niviss

(Lamp No. 1) 270 50000 4 2700
Lamp LED Spectrum

(Lamp No. 2) 1050 17 000 11.5 2700
Lamp LED Philips HUE

(Lamp No. 3) 806 20 000 9.5 3000

Analysing the value of the luminous flux @y for
individual lamps, it can be seen that the lowest value is
obtained for Lamp No. 1, while the same lamp has the
longest lifetime, amounting to as much as 50 thousand
hours. All the tested lamps have a correlated colour
temperature (CCT) ranging from 2700 K to 3000 K,
which indicates that they emit optical radiation of a warm
white. Lamp No. 2 has the shortest lifetime. It is only
17 thousand hours.

The power P consumed from the power grid by the
tested LED lamps ranges from 4 W for Lamp No. 1 to
11.5 W for Lamp No. 2. All the tested LED lamps during
the experimental studies were powered by a rated
alternating voltage with an RMS value of 230 V, while the
supply voltage range of the selected lamps is much wider
and can be adjusted in the range from 100 to 240 V.

The Philips HUE LED lamp (Lamp No.3) is a
wirelessly controlled light source produced by Philips
Lighting, emitting white light. This lamp can be controlled
using the Philips HUE application intended for mobile
devices operating systems. This application allows you to
adjust the CCT and illuminance values in the range from 1
to 100% of the nominal value in 1% steps. During the
experimental tests, the CCT was set at 3000 K and the
illuminance value was set at 100%.

For the measurements using the method described in
detail in section 2, a goniometer described in Ref. 9 was
used. It contains a head with an LP471 PHOT illumination
probe, which is an integral part of the HD2302 photo-
radiometer. The probe operates in the wavelength range
from 400 to 760 nm.

Figure 3 shows the measured light distribution
characteristics for the 8xXP-G2 LED module [Fig. 2(a)]
and for the Ring XRE module [Fig.2(b)]. The
characteristics were measured for the forward current of
Ir=0.7 A flowing through a single XP-G2 LED and
through the entire LED module in two axes, hereinafter
referred to as the short and long measurement axes. The
distance of the measurement probe from the tested light
source during the experimental tests was »=25.6 cm, and

the value of the measurement angle varied in the range from
—90° to 90°.

Analysing Fig. 3(a), it can be seen that the spatial
radiation patterns for the long and short axis of the 8xXP-
G2 module significantly differ from each other, and this
difference increases with an increase in the angle «, at
which the measurement probe is positioned. The observed
difference in the spatial radiation patterns is caused by the
irregular optical shape of the tested light source and the
arrangement of LEDs on the MCPCB substrate.

()

(b)

Fig. 3. Spatial radiation patterns for the 8xXP-G2 LED module
(a) and the Ring XRE module (b) in two axes.

In turn, analysing Fig. 3(b), it can be seen that there is
no change in the light distribution characteristics for both
modules. This is because the tested Ring XRE module has
a regular optical shape and individual LEDs are situated in
a circle.

Figure 4 shows the measured spatial radiation patterns
for the tested LED lamps. During the measurements, the
tested LED lamps were powered by an alternating voltage
with an RMS value of 230 V. The distance between the top
of the measured LED lamp and the sensor illuminance was
equal to: 20.1 cm (Lamp No. 1), 24.8 cm (Lamp No. 2),
and 25.1 cm (Lamp No. 3), respectively.

It is visible that the narrowest characteristic was
obtained for Lamp No. 1, which is the result of the use of a
collimator lens in its construction. The value of the viewing
angle of this lamp is +40°, outside this range, the values are
negligible and do not exceed several percent of the normal-
ised illuminance value. Lamps No. 2 and 3 have much
wider spatial radiation patterns. This is due to the Lambertian
lenses used, and the normalised illuminance values are not
lower than 60% for an observation angle of + 90°.
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Fig. 4. Spatial radiation patterns for the tested LED lamps.

In order to verify the correctness of the developed
method, the obtained measurement results were compared
with the results obtained using the LPCE-2 measurement
system by Lisun Group [23] shown in Fig. 5. The
measurements were made for selected values of the LEDs
forward current i, with the current flowing through each
diode contained in the LED module being the same.

Fig. 5. View of the LPCE-2 spherical measurement system by
Lisun Group.

During the measurement, no additional cooling systems
for the tested LED modules and LED lamps were used. The
indispensable values of parameters describing spatial
radiation patterns, e€.g., Omax, Wwere obtained by the
measurements performed by the authors. For the 8xXP-G2
LED module, for which spatial radiation patterns obtained
for short and long axes are different, the value of amax
obtained for short axis was used.

Figure 6 compares the measurement results obtained
using the original method (red bars) with the classical
method (blue bars) for the LED modules tested.

As can be seen, the measurement results obtained using
the original method are slightly inflated in relation to the
results obtained using the classical method. However, the
visible discrepancies do not exceed 10%, and in most cases
the deviation between the results obtained using both
methods is about 5%. These results confirm the practical
usefulness of the original method. The presented results
also show that the dependence of the luminous flux of the
current / is described by a nonlinear function.

Figure 7 compares the measurement results obtained
using the original method (red bars) with the classical
method (blue bars) for the tested LED lamps.

Analysing Fig. 7, it can be seen that the lowest value of the
luminous flux @y was obtained for Lamp No. 1. It is only
174.19 Im. The highest value of the luminous flux was

10000

1000 ~

100 -

Dy [Im]

MCE@ MCE@ MCE@ XR-E@ XR-E@ XR-E@ XR-E@ 8xXP-G2 @
i=035Ai=07A i=1A i=01A i=03A i=05A i=07A i=1A

Fig. 6. Comparison of the measurement results obtained using
both the measurement methods for different LED

modules.
10000
1000 -
E
Z 100 -
S
10 1
1 -
Lamp No. 1 Lamp No. 2 Lamp No. 3

Fig. 7. Comparison of the measurement results obtained using
both measurement methods for different lamps.

obtained for Lamp No. 2, and it amounts to 922.72 Im.
The above luminous flux values were measured using
the original method described in section 2. The same
parameters of the LED lamps were measured using
the classical method. The discrepancies between the
measurement results obtained using both methods do not
exceed 10%.

4. Analysis of the measurement error

When determining the luminous flux value using the
original method, the error of the measurements was also
analysed. For this purpose, the complete differential
method [24] was used concerning (1). In the formula
enabling the determination of the luminous flux value, the
parameters with measurement uncertainty are:

e illuminance Eo — the maximum uncertainty was
determined AEy=4% of the measured illuminance
value, under the measurement probe calibration
uncertainty provided by the manufacturer;

* angle amax — the maximum uncertainty was estimated
Aomax =2.5°, as the accuracy of the indications of the
head angle inclination to the axis of the light source in
the goniometer;

« distance r of the probe from the light source — the
maximum uncertainty A»=1 mm was estimated as the
accuracy of the measure used to measure this distance.
The absolute measurement error of @y is given by
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a- a?nax
A¢V= 27'57'2 3 +c (1 _cos(amax)) 'AEO

+| 3 'n'a'rz'EO'amax'(l_Cos(amax))"Aamax
a.arznax

+|(4--Eyr- 3 +c ) (1 —cos(am))| - Ar.

(2)

After substituting the numerical data for an exemplary
light source — the Ring XRE module, with a forward current
of Ir=0.3 A in the derived formula, A®y=15.78 Im was
obtained. This result is the value of the absolute luminous
flux measurement error. The relative error of this
measurement is 0@, = 5.03%. Therefore, in the case of the
Ring XRE module, when powered by a forward current of
Ir=0.3 A, the luminous flux value @, =314+ 15.78 Im.

Figure 8 shows the values of the luminous flux
measurement error @y for the tested LED modules.

25

Lamp No. 1 Lamp No. 2 Lamp No. 3

Fig. 9. Comparison of the measurement error of the luminous
flux values for all measured lamps.

Table 3.
Comparison of the calculated and measured error of the
luminous flux measurement.

o [%]

MCE@ MCE@ MCE@ XRE@ XR-E@ XR-E@ XRE@ 8xXP-G2@
i=035A i=07A i=1A i=01A i=03A i=05A i=07A i=1A

Fig. 8. Comparison of the measurement error of the luminous
flux values for all measured LED modules.

Analysing Fig. 8, it can be seen that the highest
measurement error was obtained for the 8xXP-G2 module
supplied with the current value of 1 A, and this error was
equal to about 13%. The lowest measurement error was
obtained for the XRE module supplied with the current
value of 700 mA, and this error was only 0.23%.

Figure 9 shows the luminous flux measurement error
values for the tested LED lamps.

In Fig. 9, it can be seen that the lowest value of the
measurement error was obtained for Lamp No. 1, and the
highest value for Lamp No. 3. They are 7% and as much as
19.93%, respectively. It can also be noticed that in the case
of LED lamps, the higher error values were obtained than
in the case of LED modules, which is related to the proce-
dure of measuring the spatial radiation patterns using the
goniometer. The light distribution angle was measured only
within the range of changes in this angle from —90° to 90°.

Table 3 compares the values of the relative measure-
ment error of the luminous flux ¢ (calculated error) and the
quotient of the difference between the results measured
using the new method and the classical method through the
measured value of this flux (measured error). Such a
comparison was performed for all tested LED modules and
LED lamps.

It is easy to observe that the relative discrepancy
between the values of the luminous flux measured using

Calculated error Measured error

Light source

[%] [%]
MCE@i=0.35A 4.68 5.47
MCE@i=0.7 A 4.75 8.85
MCE@i=1A 4.71 2.36
Ring XRE@ i=0.1 A 3.38 7.18
Ring XRE@ i=03 A 5.03 10.04
Ring XRE@ i=0.5 A 5.09 7.32
8xXP-G2@i=1A 4.98 15.12
Lamp No. 1 3.97 6.88
Lamp No. 2 4.41 11.85
Lamp No. 3 4.46 19.93

both methods is typically bigger than the calculated relative
error  for the tested modules and lamps. This discrepancy
results from such factors as the difference in the spectral
wavelength of the spectroradiometers used in both
measurement methods and limited accuracy of the LPCE-2
spherical measurement system and a wider than the + 90°
emission angle of the tested light sources.

5. Conclusions

This paper presents the concept of the original method
of measuring the luminous flux characterising LED light
sources. The presented method is easy to implement and
does not require the use of specialised measuring
equipment. The results of the considered method correctness
verification prove that the deviation of the obtained
measurement results in relation to the classical method is
typically about 5%.

Such good conformity results were obtained for LED
light sources, in which the size of the active area is small in
relation to the distance of this source from the photometer
and characterised by the central symmetry. In the case of
the light sources that do not show the central symmetry
(rectangular LED modules), the deviation between the
results obtained using both methods is bigger and can reach
even 10%. This means that the presented measurement
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method is valid mainly for small-size LED sources with a
rotationally symmetric spatial radiation pattern.

For many of the tested devices, the recommendation of
the minimum distance between the measurement probe and
these devices given in Ref. 25 is fulfilled. Only for the
largest LED module for one axis, this recommendation is
not fulfilled. In the future, some investigations illustrating
the considered distance influence on the proposed method
accuracy will be performed.
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