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Abstract

An energy efficient building design needs minimum electric lighting to complement available
daylight, while maintaining a defined illuminance value indoors. Design optimization thus needs
a good knowledge of dynamic angular sky-luminance distribution, through measurement or
models, for simulating indoor illuminance conditions and assessing design performance. Most
simulation packages use standard sky-types of the established Commission International de
I’Eclairage (CIE) sky-models for generating sky-luminance distribution datasets, which are used
for predicting indoor illuminance distribution. However, the sky-type can vary on diurnal and
seasonal basis; and there is a need for identifying closest sky-type at different time-points for

better indoor illuminance predictions.

This paper aims at measuring angular sky-luminance distribution, and recommending the closest
sky-model for a given set by comparing measured datasets with established CIE standard skies.
A novel design of a sky-luminance measurement device using calibrated LDRs is proposed to
measure incident illuminance from 265 discrete patches in the sky-hemisphere every 5 minutes.
A statistical analysis is performed on the 540 representative measured datasets across five-month
period and the closest CIE sky-type for various hours is recommended based on the occurrence
through the day. A range of 9 CIE sky-types was determined as closest-model skies through the
captured datasets in Mumbai, and CIE sky-type 8 is identified dominating most hours in the

measured datasets.
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e Design of improved LDR based angular sky luminance distribution measurement device

Sky-luminance distribution measured with 5-minute interval across 5-month period

Statistical analysis for choosing closest CIE sky for each measured dataset

Recommendations on sky-type occurrence through different hours of a day

Frequency of occurrence for different CIE skies over 5-month period in Mumbai

NOMENCLATURE
e Azimuth angle of sky patch (degree)
° U Azimuthal angles of the Sun (degree)
e ab,cde CIE coefficients
o Ain Analog input data logged at the microcontroller
o Angular distance between Sun and sky-patch (degree)
o f,/fz Scattering Indicatrix ratio
o v Elevation angle (degree)
e Li, Iluminance data at the sensor (lux)
e L, Luminance at altitude Z (cd/m?)
o Lz Luminance at Zenith (cd/m?)
o 0z @ Luminance gradation ratio
e R_ LDR Resistance (ohm)
o Z Solar zenith angle (degree)



ABBREVIATIONS
o CIE: Commission International de |’Eclairage: International Commission in Daylighting
e FOV: Field of View
e |IDMP: International Daylight Measurement Program
e LDR: Light Dependent Resistor
e RTC: Real Time Clock
e RMSD: Root Mean Squared Deviation
e SMPS: Switching Mode Power Supply

e SSLD: Standard Sky Luminance Distribution

1. Introduction

Buildings contribute to a significant share of energy end-use globally, and this is set to increase
owing to accelerated urbanization in coming years. Buildings account for over 40% of primary
energy consumption in the USA and the European Union[1], and 34% in India[2]. Space
illumination through artificial lighting further accounts for 14% share in building energy usage in
the European Union, 26% in the USA[3], and 28% in India[4,5]. A good way of reducing
building energy consumption is through replacing the disconnected cocoon concept — where the
building shell is disconnected from the environment, and needs artificial supply of light,
ventilation and thermal comfort[6] — with the connected membrane concept, where the building
shell is kept in contact with the environment[7]; and recent works have reported energy use
simulation and optimization in non-conventional building designs[8,9] towards higher energy
efficiency. Indoor daylight optimization provides a potential in environmental integration,
affecting two major segments contributing to building energy use: space lighting and space
heating/cooling[10], and literature has proposed the use of skylights and light guidance
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systems[11-14] as additional avenues beside windows towards maximizing daylight use inside

built spaces.

To quantify any significant advantage achieved through a design modification or retrofit in terms
of energy saving and enhanced visual comfort, there is a need for analyzing the overall
performance of the building[15]. Simulating building performance provides multiple options
towards design optimization, and thus is more cost efficient in evaluating building performance
as compared to metering physical building systems. Beside computational simulations through
software packages[16-20], physical scale models have been used for optimizing building
designs[21]. An energy efficient building design requires minimum electric lighting for
complementing available daylight while maintaining a defined illuminance level indoors — such
a design may be considered optimum in terms of indoor lighting. This needs a quantification of
indoor illuminance distribution contributed by daylight, through prediction or measurement, and

few possible pathways for predicting indoor illuminance are demonstrated in Figure 1.

Three daylight components contribute to the indoor illuminance at any point: Sky Component,
Externally Reflected Component and Internally Reflected Component[22] — of which the Sky
Component is the actual source. Thus, dynamically assessing luminance of the ambient sky at
multiple angular positions is essential for predicting indoor illuminance. The sky-luminance
distribution may be measured, or predicted through sky-models. Measuring sky-luminance at
different angular positions dynamically is challenging, hence models have been used to generate

sky-luminance data at various spatial positions.

The early works on indoor illuminance distribution predictions through Daylight-Factor concept

used Lambertian sky model (1760) — where the luminance for all discrete sky-segments was



assumed uniform. This was due to the lack of measurement equipment, and also the lack of
computational techniques for implementing complex models. After over a century of acceptance
of the Lambertian model, it was challenged by the Moon-Spencer model[23], which proposed an
altitudinal gradient between the horizon and the zenith. Owing to the complexity in measuring
the luminance of the circumsolar region, effect of the solar position wasn’t accounted for in these
models. Models with no azimuthal variations assumed an overcast sky-type and could be used
towards computing Daylight Factor indoors: a metric based on light levels inside a structure to
the light levels outside the structure, used in evaluating the merit of a construction towards
daylight addition and illuminance performance. An initial approach in incorporating the sun-
position was proposed in Kittler’s clear sky model in 1967[24] and published as ISO/CIE model
in 1996[25]. The clear-sky model was further generalized into the present standard model
accepted by Commission International de [’Eclairage (CIE) , which is capable of simulating
most-probable skies: a set of 15 skies covering five overcast, intermediate and clear skies each.
This model incorporates the gradation with scattering phenomena: involving Rayleigh and Mie
scattering behaviors[26]. Researchers have built upon the model and validated it further through

measurements at different locations[27-32].

In predicting indoor illuminance, validated simulation packages use standard sky-types of the
CIE model along with zenith luminance data from weather files, and create a set of modelled
skylight distribution data. These packages use generic sky-models (standard overcast sky[33] or
standard clear sky model), as demonstrated in pathway 1 of Figure 1; or provide the user an
option to choose from few pre-defined sky-models[34]. Model based calculations for sky-

luminance distribution is acceptable in absence of measured data, however, this approach with



generic sky-models has been demonstrated to underestimate the indoor illuminance as compared

to measurement based sky-models[35].

Another approach for predicting indoor illuminance is through using actual sky data — feeding
measured angular incident illuminance datasets into models for calculating indoor distribution, as
demonstrated in pathway 3 of Figure 1. Literature reports devices[36-38] and methods[39] for
measuring sky-luminance at different angular positions, and our previous work[40] proposes a
low-cost LDR-based device to dynamically measure the angular discretized sky-luminance.
Using such devices, measured data could replace modelled datasets for performing indoor
illuminance distribution calculations. However, the magnitude of measured datasets provides a
challenge: the measured luminance distribution datasets are arranged as arrays for the patch’s
altitudinal and azimuthal placement for each time instant. In contrast, existing simulation
packages accept weather data files as input — where multiple environmental parameters are
tabulated on hourly basis: dry bulb temperature, wind speed, global horizontal radiation, etc[41].
To incorporate the large datasets for each time instance in existing packages poses a challenge,
and may require entirely new simulation packages designed to use measured sky-luminance

datasets.

Existing simulation packages are advanced, calculating net energy consumption based on other
factors besides lighting overload: heating, ventilation, plug-loads, occupant behavior, etc. As
such, it is advisable to avoid the need of designing entirely custom simulation packages and
propose a possibility to improve the existing simulation packages. A possible approach is by
using open source simulation packages like OpenStudio[42,43], and recommend appropriate

model for calculating the sky-luminance distribution. Pathway 2 of Figure 1 demonstrates this



approach: measured datasets are compared with various modelled values, and through statistical

analysis, the closest sky-type is recommended for any given sky-condition.
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Figure 1: Motivation behind the work: schematics of various approaches towards predicting indoor
illuminance distribution. This work covers domain of sky-modelling.
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In building simulation, the accuracy of the net output depends on the models employed in a
simulation package, and this can be enhanced by using validated models. The CIE standard
overcast sky model, one of the 15 most-probable skies in the CIE model is azimuthally
independent, and most simulation packages use this model as industry standard[33] for
predicting Daylight Factor. The CIE standard clear sky model is optional in few simulation
packages. DesignBuilder — a building simulation package[20,44] also offers the users the
possibility of choosing from a few intermediate CIE model-skies: sunny clear day, clear day,
uniform cloudy day, overcast day, etc[34]. However, there is a variation in the sky-luminance
distribution behavior on a diurnal and seasonal basis, and using same sky-model through various
times of the year reflects badly in indoor illuminance predictions. Thus, there is a need for
identifying the closest CIE sky type for any angular discretised incident illuminance dataset,
corresponding to a location and a time of the year. This approach can help create an identifier for
the closest CIE sky-model at a given time-instant, which could be used for calculating the sky-
luminance distribution in existing simulation programs and thus performing annual energy

analysis of building systems.

Literature reports works done in line with evaluating most probable skies at few sites: Hong
Kong[26], Singapore[30], and Spain[45] over long scan periods. These works have categorized
occurring ambient sky at respective locations using Root Mean Square Deviation (RMSD)
approach — the lowest RMSD between theoretical and experimentally measured angular
discretised inciden illuminance distribution for a dataset was the identifier for closest sky-type —
and thus frequency of occurrence of either of the sky-types over the scan period was analyzed.
These works could be extended in terms of identifying the variation in sky-types across time,

owing to the dynamic nature of daylight through the day, and due to seasonal and diurnal



variations in the sky clarity. These identified closest sky-models could replace generic sky-

models in simulation packages, and enhance the reliability of indoor illuminance predictions.

We propose a pathway-2 based approach towards identifying and recommending closest sky-
model for any measured data-set, along with a protocol for identifying sky-type as part of annual
weather database for a location. The most-probable CIE sky-type is identified for a location over
a larger time-period (seasonal) or through various times of the day (diurnal). This is done so the
simulation programs can predict indoor illuminance distribution with higher accuracy. Sky
luminance studies in literature have reported the use of commercially available daylight scanners
(Eko MS 300LR[26,30]/MS 321-LR[45]) for measurement, where the cost of device is a
hindrance towards wider reach. In this work, we have used a structurally modified Fresnel-like
version of our previously proposed LDR-based low-cost sky-luminance measurement device[40]
for measuring sky-luminance every 5-minutes over 5-month period in Mumbai, India. Our low-
cost device — developed at about 1/600™ the cost of the commercially used sky-scanner’ — was

thus used to measure sky-luminance and collect data to be analyzed into the closest sky-type.

Statistical analysis using RMSE approach was performed on 540 representative measured
datasets comprising 265 sky-positions for 4 representative days, and recommendations are given
towards frequency of occurrence over the test period. A protocol for identifying the closest sky-
type for each dataset is also proposed, and the diurnal variation pattern for closest sky-models is
presented. To validate the closest-sky recommendation, a comparison between datasets for
measured sky-luminance and modelled closest CIE sky-type is demonstrated. While the RMSE
approach taken for identification of closest sky-type is inherently simple, the novelty is in

analysis of originally measured data to present diurnal variations between sky-types, which is

' EKO MS-321LR quoted at about USD 37,500 including landing charges and taxes in July 2017
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presented for few sample days. RMSE based approach for defining Frequency of Occurrence has
been used for Hong Kong (2003) [26], Singapore (2007) [30] and recently for Burgos, Spain
(2018) [45] using commercial sky-luminance measurement setup, and we have used a low-cost
device for analyzing sky-luminance measurements for Mumbai: identifying the Frequency of

Occurrence along with Diurnal Variation in sky-types.

2. CIE standard sky model

The CIE standard skies covers a range of most probable skies, with a proposed total of 15
different skies having 5 overcast, 5 intermediate and 5 clear sky types[26,46]. These skies are
modifications in the CIE model with different coefficients as tabulated in Table 2 representing
various skies depending on the sky type. In general, the CIE sky model describes the luminance
ratio between any sky-patch at a given azimuth and altitude with respect to luminance at zenith;
as such the measured value of zenith luminance is ample to predict the luminance of all patches
of the sky-hemisphere. The luminance ratio for the arbitrary sky element is represented as a

combination of gradation (¢z/ @o) and indicatrix (f,/fzs) ratios as[24]:

Lya _ fGO. @(Z)
REGARTCR M

Luminance gradation factor (¢z/ @o) accounts for the ratio between the luminance of any sky
element to the luminance at zenith at any instance, and comes from the early gradation based
models. Scattering indicatrix ratio (f,/fz) is an addition to the gradation based models — it
accounts for the contribution of the sun position — and considers the luminance of a sky element
based on its angular distance from the Sun. Here, y is the angular distance of the patch from sun
position, and can be calculated based on the zenith angle of the Sun (Z;), zenith angle of the sky

patch (Z), azimuthal angles of the Sun (as) and azimuth of the sky patch (a) respectively, as:
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X = cos"l(cosZs.cosZ + sinZs .sinZ.cos(Ia—aSI)) (2)

The gradation for a sky element at angle Z from zenith is defined as:

b
©(Z) =1 + a.exp (m) 3)

By definition, the value of angle Z at zenith is 0 degrees, as such,

@(0°) = 1 + a.exp(b) (4)

Scattering indicatrix factors account for contribution of Sun position as follows:

fo=1+c <exp(d. X) — exp (dg)) + e.cos?y (5)

The indicatrix function at the zenith depends on zenith distance of the Sun:

f(Zy)=1+c <exp(d. Z,) — exp (d;)) + e.cos?Z (6)

Mie scattering is represented by the ‘dy’ term: it rapidly reduces at angles farther from the sun
exponentially through negative tabulated values for coefficient-‘d’. Rayleigh scattering is
incorporated in the e.cos?y term: the effect at 90° angle from the Sun position is zero[26]. The
values of Z; and y are affected by the instantaneous position of the Sun, and can be calculated
through the latitude angle, the day of the year and the time of day. The CIE sky model can be
reduced to any of the 15 standard skies[46] by incorporating the values of the coefficients a, b, c,

d, and e, tabulated in Table 1.

Table 1: Standard coefficients for most probable sky types

o) [ fO) | a b c| d e | Description of Luminance Distribution
| 1 4.0 -0.7 0| -1.0 | 0.00 | Overcast, steep luminance gradation towards zenith, uniform
azimuthally: CIE Standard Overcast Sky

=

2 | 2 4.0 -0.7 2 | -1.5 | 0.15 | Overcast, steep luminance gradation & slight brightening near Sun
3 I 1 11 -0.8 0| -1.0 | 0.00 | Overcast, moderately graded and azimuthally uniform

4 I 2 11 -0.8 2 | -1.5 | 0.15 | Overcast, moderately graded and slight brightening near Sun

5 11 1 0.0 -1.0 0| -1.0 | 0.00 | Sky of Uniform Luminance

6 11 2 0.0 -1.0 2 | -1.5 | 0.15 | Partly Cloudy sky, No gradation, slight brightening near Sun

7 11 3 0.0 -1.0 5| -2.5 | 0.30 | Partly Cloudy sky, No gradation, brighter circumsolar region

8 11 4 0.0 -1.0 | 10 | -3.0 | 0.45 | Partly Cloudy sky, No gradation, distinct solar corona

9 \Y 2 -1.0 | -0.55 2 | -1.5 | 0.15 | Partly Cloudy sky, Sun obscured

11



10 v 3 -1.0 | -0.55 5| -2.,5 | 0.30 | Partly Cloudy sky, bright circumsolar region

11 v 4 -1.0 | -055 | 10 | -3.0 | 0.45 | White blue sky with distinct solar corona

12 \Y% 4 -1.0 | -0.32 | 10 | -3.0 | 0.45 | CIE Standard Clear Sky, low illuminance turbidity
13 \Y% 5 -1.0 | -0.32 | 16 | -3.0 | 0.30 | CIE Standard Clear Sky, polluted atmosphere

14 VI 5 -1.0 | -0.15 | 16 | -3.0 | 0.30 | Cloudless turbid sky with broad solar corona

15 VI 6 -10 | -015| 24 | -2.8 | 0.15 | White-blue turbid sky with broad solar corona

Simulation packages towards indoor illuminance analysis use CIE standard sky-types (overcast
and clear)[33] for generating sky-luminance distribution datasets, but actual sky-luminance
distribution behavior may significantly differ from the pre-defined sky-type. By comparing sky-
luminance measurements for various sky-positions with all probable sky-types, the closest sky-
model may be recommended for different time-points over the test period. For this statistical
recommendation of closest CIE sky, the actual luminance distribution datasets can be measured

using an angular-luminance measurement device.

3. Design of the Angular Luminance Measurement System

A low-cost device with calibrated LDR sensors and open source Arduino Mega 2560
microcontroller is designed and employed for angular incident illuminance measurement and
data logging. This device is a modified version of our previous proof-of-concept device[40]
which used LDRs and Arduino microcontroller to demonstrate angular sky-luminance
measurement. LDRs are chosen as sensing device due to their spectral response matching that of
the human eye[47], low noise in the infrared region, low unit cost and high sensitivity to

differential light intensity.

3.1 Design Schematics

The device used a microcontroller for capturing sensor data and controlling the azimuthal
rotation of the sensing frame. Arduino Mega 2560, a programmable microcontroller was chosen
to control the stepper motor and to capture the azimuthal orientation and analog data batch for
incident illuminance from each sky-patch position through various timestamps. The LDRs were
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part of a voltage divider network; variation in incident illuminance changed the LDR resistance
causing a potential drop across a fixed resistance, which was measured as the analog data at the
microcontroller. For each batch with a 5 minute interval, the azimuthal orientation was captured
by a compass sensor, and the timestamp provided by a RTC module. The dataset including the
incident illuminance analog data for all sky-patches along with the timestamp and azimuthal
orientation data was logged onto a microSD card for further processing. More details about the

device fabrication are presented in Sections 3.2 through 3.5.

3.2 Sensor Calibration

LDRs were calibrated for their response to change in incident illuminance from daylight; while
LDRs have a good spectral response in the range matching visible light, the calibration was done
under natural daylight over a period of 8 hours, extending from pre-noon till dusk of three
separate days: 12 May 2017, 9 Jan 2018 and 6 Feb 2018. Two sensors were placed fully exposed
facing the zenith and capturing the diffuse horizontal illuminance data, while two were placed
facing the zenith with an exposure control matching that of the sensors on the proposed device
(11° field of view), the exposure angle being the optimum as proposed by Tregenza[48].

Exposure control here means that the aperture of the sensors is limited to 11° solid angle.

Illuminance (lux) is a product of Luminous intensity (candela) and Solid angle (steradian)
normalized per unit area; where Luminous intensity itself is Luminous flux (Im) normalized by
the solid angle. The sky-patches are assumed isotropic, hence the factor of the solid angle is
neglected; and the units for luminance (cd/m?) and illuminance (lux) remain same for the
assumed isotropic source. Proposed device is used to capture incident illuminance from all sky-

patches, including zenith. The ratio between captured incident illuminance values for different
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patches with respect to that at zenith is analogous to the theoretical luminance ratio (L,./L;) for

modeled sky-luminance distribution used in statistical analysis.

Figure 2 demonstrates the calibration setup. These sensors through a voltage divider network
logged their response to varying incident illuminance every two minutes. A commercial digital
lux-meter (HTC-LX103) was used to measure the corresponding diffuse illuminance (no
exposure control) and also the incident illuminance from zenith (with an 11° field of view

tubing) every two minutes.

zenith facing
(exposure control)

Ardino Mega2560
Microcontroller

Sky exposed/diffuse
(no exposure control)

Figure 2: a) Digital lux-meter with no exposure control, b) with a tube to provide 11° FOV for zenith
luminance measurement, c) inside the tube view, d) LDR sensors measuring the zenith and diffuse horizontal
illuminance and logging data through Arduino microcontroller

Figure 3a demonstrates the calibration curve for the incident illuminance with the captured
analog data for the batch of selected LDRs. Since there is a linear correlation of voltage from 0-
5V with the analog input from 0-1023, the analog data was converted to corresponding LDR

resistance and their logarithmic correlation is demonstrated in Figure 3b. With a very good
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match between the two (R?=0.997), the analog input Ai, could be converted to representative

incident illuminance data Lux;, with the following correlation:

1023
Lux;, = antilog;(|7.8553 — 1.6254 log,(10,000 x ( VR 1))] (6)
in

Figure 3c demonstrates the comparison between measured illuminance and the illuminance value

calibrated through analog data.

A linear response is evident for values up to 20,000 lux. Since calibration was performed while
maintaining the lux-meter and sensors facing zenith (capturing diffuse horizontal illuminance),
most measured values were limited to under 30kLux (~85%), and only the instances with
proximity of circumsolar regions close to zenith (12 May 2017) provided values exceeding

40kLux, as tabulated in Table 2.

Table 2: Data points for sensor calibration at different incident illuminance ranges

RANGE OF INCIDENT NUMBER OF DATA- PERCENTAGE
ILLUMINANCE (KILO LUX) POINTS FOR
CALIBRATION

0-10 61 37.4
10-20 53 325
20-30 20 12.2
30-40 10 6.1
40-50 15 9.2

50 + 4 2.4

Owing to the low resolution for analog data at higher illuminance values, a large deviation in
various discrete measured values with corresponding similar calibrated values is seen for values
above 40,000 lux. The error margin for the values plotted in Figure 3c compared with
illuminance incident at the measurement device through the day shows acceptable calibration for
most of the lower range, with deviation in accuracy for the circumsolar region (~40 Klx

onwards). Since there were fewer readings in the zone exceeding 50klx, and these sets presented
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the upper-limit of obtained data; the error margin between calibrated and actual data was seen

lesser than the readings around 40KIx.
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Figure 3: a) Analog data at the microcontroller with corresponding illuminance measured with lux-meter, b)
calibration curve for log-plots for LDR resistance and incident patch illuminance, ¢) error margin in data

3.3 Mechanical Design
The device used in this work

altitudinal orientation of the se

is a modification of our previously discussed design[40,49]: the

nsors is done using a Fresnel-like approach to reduce the weight
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of the device and offer enhanced portability. The rotating frame housing the sensors through
exposure control was fabricated using laser-cut acrylic as demonstrated in Figure 4. Through a
Fresnel-like configuration, the sensors were specifically oriented at 12 different altitudinal
positions: facing Zenith, Z+7.5°, Z+15° and consecutively till Z+82.5°, each measuring a 7.5°
altitudinal ring with a 3.75° range on either side of the orientation as demonstrated in Table 3.
The term ‘discrete range’ refers to non-overlapping sections of the sky: as in the ideal case.
However, for our 11° exposure with ‘exact range’ of 5.5° there was overlap in altitudinal

segments. More information has been provided in the Figure 6 and Section 3.5.

Table 3: Sensor Placements in varying altitudinal positions with exposure control

Sensor Orientation Discrete range (3.75°)  Exact range (5.5°)
Zenith Arm 1 (0°) -3.75° 10 3.75° -5.5°t05.5°
Zenith+7.5 Arm 1 (7.5°) 3.75° to 11.25° 2°to 13°
Zenith + 15° Arm 1 (15°) 11.25° to 18.75° 9.5°t0 20.5°
Zenith + 22.5°  Arm 2 (22.5°) 18.75° to 26.25° 17° to 28°
Zenith + 30° Arm 2 (30°) 26.25° to 33.75° 24.5° to 35.5°
Zenith + 37.5°  Arm 2 (37.5°) 33.75° t0 41.25° 32° t0 43°
Zenith + 45° Arm 3 (45°) 41.25° to 48.75° 39.5° to 50.5°
Zenith + 52.5°  Arm 3 (52.5°) 48.75° to 56.25° 47° to 58°
Zenith + 60° Arm 3 (60°) 56.25° t0 63.75° 54.5° 10 65.5°
Zenith + 67.5°  Arm 4 (67.5°) 63.75° to 71.25° 62° to 73°
Zenith + 75° Arm 4 (75°) 71.25° t0 78.75° 69.5° to 80.5°
Zenith + 82.5°  Arm 4 (82.5°) 78.75° to 86.25° 77° to 88°

The rotating assembly also housed a compass magnetometer sensor (HMC 5883L) to log the
azimuthal orientation of the frame through the rotation for re-orienting the captured data during
post processing, if needed. The frame was rotated on a shaft connected to a stepper motor (3.75°
per step; 96 steps per revolution) used in dual phase mode, controlled by the microcontroller.
With a ~28 second span for completing the azimuthal rotation, the frame was reoriented to initial

position every 5 minutes. Figure 4 shows various perspectives of the device.
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Figure 4: Proposed design, a) rudimentary framework with LDRs placements, b) rotating frame through
vertical axis, ¢) overall device looks, d) under-the hood view.
1) Exhaust cooling fan, 2) Stepper motor, 3) LDR sensors, 4) Rotating shaft, 5) Arduino Mega 2560
microcontroller, 6) 9V SMPS, 7) L298 motor driver, 8) micro SD card shield.

3.4 Data Transposition and logging

Data for each of the 12 sensors was captured at the microcontroller every azimuthal step.
However, because of the four arms placed at various azimuthal positions, this data captured at
each step of the rotation was transposed before being saved as a batch on the SD card. Figure 5

demonstrates the design of the rotating frame, and the protocol for transposing the data before

logging.
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Figure 5: Design of the rotating frame for the device, a) upper view with the sensors facing various altitudinal
angles in a Fresnel-like design while on a flat plane, b) various azimuthal positions through 15 degree rotation
on a vertical axis, ¢) side view with visible altitude position for sensors, d) Scan motion and data saving
protocol for each LDR from positions 1 through 24.

Through the altitudinal placement and azimuthal rotation of the assembly, the sensors captured
incident illuminance data from 265 discrete sky patches: the sky hemisphere was divided into 12
altitudinal rings placed 7.5° apart, each having 24 segments with 15° azimuthal separation, with
exposure control to minimize overlaps. The altitudinal placement for the 12 sensors was
achieved using a Fresnel-like design, with the exposure controlled sensors facing various
orientations while on a planar surface as demonstrated in Figure 5a-c. Azimuthal variations were
performed by rotating the assembly on a vertical axis using a stepper motor controlled by the

microcontroller, with a compass magnetometer sensor monitoring the precise azimuthal
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orientation of the assembly. Change in incident illuminance on each sensing LDR produced a
change in the LDR resistance, and this resistance change was converted to an analog signal
through a voltage divider network that was captured at the microcontroller channel. With an
interval of 5 minutes, the analog signal data captured for all sky-patches was logged onto a micro

SD card for further processing.

3.5 Comparing sky-subdivision methods: proposed and commercially used
Sky sub-division technique used by commercial scanners discretises the sky-hemisphere into 145
subdivisions (which is a modification of Tregenza’s[48] proposed 151 patch subdivision), and is

demonstrated Figure 6; along with our proposed sky-scanning protocol into 265 patches (11x24

+ zenith).
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Figure 6: Comparing commercial sky-subdivision technique with the proposed sky-scanning protocol

Tregenza’s subdivision discretises the sky-hemisphere into finite equal-sized patches while
covering as much of sky as possible; and this covers about 70% of the sky-hemisphere. Our

approach was towards simplicity of sky-scanning in vertical axis, and while there is minimal
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azimuthal overlap in bands from 45 degrees to horizon as seen in Figure 6, the overlap zone
between zenith to 45 degrees is significant. To counter the overlap, the captured luminance is
normalized by the patch’s solid angle to obtain luminance for positions of 1-square degree

resolution, which was then interpolated into a cylindrical coordinate for 90x360 degree sky-map.

In indoor calculations, we believe that there is also a need for interpolating data from the 145-
subdivision approach too; but owing to overlap at high altitudinal positions, proposed technique

measured for more redundant sky-positions.

4. Sky distribution measurement at Mumbai

Mumbai, India is a coastal city located at 19.1°N/72.9°E with ‘Aw’ climate classified by
Koppen-Geiger climate classification[50]. The experimental measurement of sky luminance
distribution was conducted on the terrace of Mechanical Engineering department building at
Indian Institute of Technology Bombay, located at Powai with an elevation of 50m above mean
sea level. Monsoons in Mumbai last between early June and mid October, thus a post-monsoon
period was selected for relatively clearer skies. The experimental capture was done on a
continuous basis (every 5 minutes) on few days in the months between November 2017 to April
2018, and data was selected based on the compass values: data with compromised rotations were
omitted. Few representative days were chosen for analysis: 16 Nov 2017, 30 Jan 2018, 7 March
2018, and 4 April 2018; Days chosen in November and January are almost symmetrically
equidistant from the winter solstice, offering similar solar declination angles of S18°35’ and
S17°53” respectively, and April is an extrapolation of the time-gap (~10 weeks) between the
November and January representative days. The week of Jan 30 was generally clearer than the
week of Nov 16, and the solar-noon moved closer to zenith in April, as compared to Nov/Jan.

The analysis was conducted for days when measurement was logged for the entire duration
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between dawn to dusk, and sets with incomplete data (owing to device errors like overheating,
lack of complete rotation, orientation errors, etc) were not selected. In the secondary selection,
representative days from different months were chosen for further analysis. 540 batches of
incident illuminance data, with each batch comprising 265 distinct sky-patches at various
altitudes and azimuths were considered for further processing and analysis, with net 143,100

distinct analog values separated spatially and temporally being calibrated and analyzed.

5. Data analysis

Each set of captured time-wise data represented 288 analog values for 265 sky patches (24 zenith
values averaged to make a composite incident zenith illuminance data) arranged in a 12x24 array
defining the altitude and azimuthal positions for each data, which was converted to illuminance
data using the calibration equation (Equation 6). The instant discretized angular sky-luminance
distribution dataset comprised the incident illuminance value from each patch, including the
zenith. To perform a comparison between the measured data with all possible model skies, it is
necessary to identify the modelled luminance distribution at these 265 patches for all 15 sky-
types. In accordance with Equation 1 through Equation 6, the normalized luminance of each
patch (L,./L;) can be calculated for each model-sky by using representative coefficient values
(Table 1) along with two identifiers: the altitude of each sky-patch (a, for gradation factor) and
the distance of the patch from the sun-position (y, for scattering factor). It is important to identify
the sun-position at the time instance, to calculate y and Zs, and while standard equations are
available to predict the sun-position at any time of the year based on the global location[51], our

approach was based to address our device limitations.

5.1 Assessment of Sun position from measured data
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In our device, the altitude angle was rigidly defined for each sensor position; however, the
azimuthal orientation was defined through rotation on a vertical axis. The incident illuminance
from various patches was logged for respective azimuthal orientations, which was prone to
rotational orientation errors in few cases. To counter this, the sun-position was made independent
of rotation-alignments: the azimuthal position of the Sun and all sky-positions was taken in
reference to the measured data. The highest value for each set of calibrated incident illuminance
data represented the Sun position, which was identified by running a script to list the azimuthal
and altitudinal indices of the highest data-point in each batch, as demonstrated in Figure 6a. The
sun-position used for this work was the one assessed from the patch of highest incident
illuminance. This was done to minimise the errors in device re-orientation; the primary angle of
interest (y) depends on the difference between sun-position to a patch’s position and is
irrespective of the device’s true azimuthal orientation. This approach however might not work
for overcast days, and with better azimuthal control in the device, the theoretical sun-path could

be used in future developments.

The measured data was converted to sky-maps to assess the sun-path; while the sun-path was
continuous through the sky-maps, the position of Sun was at times measured in two or three
consecutive patches as demonstrated in Figure 7(b). This was due to low scan efficiency arising
from rigidly defined patch locations, with partial overlaps affecting measurements for the
circumsolar regions. These sets defined the transition phase between patches where high
illuminance was logged at non-singular positions. The python script selected the first appearing
location index with the highest illuminance value for each set, which thus deviated in its indices

as compared to theoretically continuous sun-path as demonstrated in Figure 7. In such cases, a
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jump was seen in the apparent sun position for consecutive time-points as demonstrated in the

green rectangle in Figure 7(a).
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Figure 7: a) Theoretical sun-trajectory (yellow) with assessed sun position for various batches through the
day (red). The positions of interest marked with red circle and described underneath. b) Transition zone
between patches as measured: high incident illuminance measured at non-singular positions

5.2 Modelled virtual sky-dome datasets

To compare with the measured incident angular illuminance datasets individually and identify
the closest sky-model, the virtual sky-dome datasets for all time-points were calculated for each
15 CIE sky-types. The coefficients were taken from the tabulated values, and the dynamic sun-
position and each patch’s defined position provided the necessary angular values. For each sky-
patch, the altitude angle (a) is rigidly pre-defined, and after identifying sun position for each time

point as described in Section 5.1, the sun-distance () for each 265 sky-patches was dynamically
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calculated using Equation 2. With the respective coefficients as tabulated in Table 1, along with
equations 1 through 6, the modelled sky-distribution datasets were generated for each time-point
for all 15 CIE sky-types. These modelled virtual sky-domes represent normalized sky-luminance
values, for all sky-positions with respect to zenith: the zenith luminance remains 1 — and the

luminance of all other sky-positions is a ratio of zenith luminance, as demonstrated in Figure 8.
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Figure 8: Modelled Virtual Sky-domes for few CIE skies based on Sun position (12:30h on 30 Jan 2018)

5.3 RMSD based assessment of closest CIE sky

Each measured dataset was normalized using its zenith luminance: a script was used for batch
conversion of all datasets, dividing incident illuminance for all 288 positions with the average
incident illuminance at zenith for each time-point. This generated normalized measured dataset

for various time-points with an interval of 5-minutes.
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For each dataset, comparison was drawn between the measured normalized incident illuminance
for each sky-position with the modelled values for each sky. In total, the 265 luminance values
for each of the 540 sets were compared with 265x15 skies for each set. To identify the closest
sky for any set (representative of the time-point), the Root Mean Square Deviation (RMSD) was

used. The RMSD is calculated as:

Z§6S(Luxmeasured - Luxskymodel)z
RMSD = 7
j 265 (7)
Here LuXmeasured @8Nd LUXsky model are the normalized luminance values for measured and modelled

dataset for all 15 CIE skies, and 265 represents the number of discrete sky-positions in each set.
The CIE sky set with minimum RMSD as compared to measured sky was chosen as the closest

CIE sky for each set.
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Figure 9: Plotting modeled and measured sky-luminance for various CIE skies at a specific time-point, Red
line indicates a pre-defined slope of unity, with a good match expecting scatter around the slope.
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In a graphical representation, the two axes represent the measured (normalized) and modeled
values for all sky-positions, as demonstrated in Figure 9. A slope 1 line was plotted in red, and
proximity of the scatter to slope-1 line was expected for a good fit of the measured dataset to
either model-sky. For the same time-point (0901h on 30 Jan 2018), CIE sky 8 is seen as better
match, as compared to Sky 1 and Sky 15, as demonstrated in Figure 9. Figure 10 demonstrates
the comparison for time-points set with an interval of 2 hours through a test day. The selected
skies with minimum RMSD are highlighted, and Table 4 presents the RMSD values for the

scatters demonstrated in Figure 10.
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Figure 10: Comparing measured and modelled normalized patch luminance (Lya/Lz) for all 265 sky positions
through two-hour interval during the day (30 Jan 2018). Horizontal axis defines the modelled data for each
patch, whereas the measured data for the same patch is plotted in vertical axis. A good fit is expected for



In the CIE sky-model, sky-types 1, 3 and 5 are azimuthally independent (overcast sky-types
with no role of sun position). As such, the quantization along horizontal axis in sky-types 1
and 3 show the variation in 24 measured data points for uniform modeled data along 24
azimuthal positions: the modeled data remaining constant for all azimuthal locations at
that altitudinal position. Sky 5 is a total overcast sky-type; with illuminance at all sky-
positions being the same as that at zenith, and thus the graphs show 265 measured values
across fixed modeled value. These sky-types are for representation and the closest sky-type
for Mumbai during the day were not overcast sky (rare instance near dusk period after the

sun-down).

Table 4: RMSD between measured and modelled luminance distribution data for 265 patches

Time of Day (30 Jan 2018, Mumbai)

Sky Type 7:00 9:00 11:00 13:00 15:00 17:00
1 0.500162 1.606877 1.374295 0.822901 1.336197 1.831773
2 0.407801 1.469672 1.211835 0.717796 1.175091 1.708449
3 0.438488 1.550427 1.350444 0.839578 1.313088 1.782663
4 0.325985 1.363335 1.161186 0.703804 1.124053 1.613859
5 0.420423 150262 1.340882 0.886237 1.304756 1.741377
6 0.328794 1.263036 1.124564 0.702441 1.087601 1.525407
7 0.511806 0.997878 0.915039 0.592465 0.886475 1.292865
8 0.900232 0.727035 0.737236 0.510356 0.730186 1.061323
9 0.863931 1.140506 1.236112 0.830277 1.207294 1.408111

10 1.336433 0.98264 1.183803 0.647276 1.169959 1.235714
11 2.05827 1.249897 1.361098 0.514938 1.368338 1.398931
12 2.661199 1.848033 1.806649 0.579704 1.815701 1.930641
13 3.547235 2.604063 2.237177 0.490348 2.253843 2.623282
14 4560418 3.678176 2.953163 0.580407 2.969188 3.674757
15 5.651898 4.727835 3.455699 0.511399 3.471792 4.699266
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The sky-type varies dynamically based on ambient conditions, and the RMSD based sky-type
recommendation approach is extended towards identifying the diurnal sky-variation. The closest
sky-type for each reading taken every 5-minute on the test days was tabulated through the hours.
Figure 11 demonstrates the occurrence of closest CIE skies with time on the representative days.
It was observed that the sky distribution followed an overcast-intermediate-clear curve in the

morning hours and the opposite in the evening hours.
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Figure 11: Occurrence of closest CIE skies through various hours of the representative days
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The frequency of occurrence for different skies through the test-period is demonstrated in Figure
12. Sky type 8 is seen dominating the test period, with types 4, 6, and 7 seen prominently (Sky 8
governing over 50% of the daytime for all test cases (51.6% in November, 53.6% in January,
52.6% in March and 71.5% in April).
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Figure 12: Frequency of occurrence of various CIE skies over the test days

5.5 Comparing closest CIE sky with measured data

Another approach to identify sky-type was done through analyzing the luminance-distribution
curves. Most sky-types identified through measurements taken from our device — Sky-types 6, 7
and 8 — are models with no gradation. As such, the primary factor affecting incident
illuminance distribution for a patch is the sun-distance (y) of a certain patch. Thus, a comparison
of measured normalized incident illuminance scatter with sun-distance was conducted with

characteristic scatter curves obtained for model skies.
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After determining solar position (altitude/azimuth) for each batch, a python script generated the
sun-distance () for each of the 288 data-points of each set, corresponding to 265 sky-positions.
The incident illuminance data from each patch was normalized with the incident illuminance
from zenith for each set, to generate the normalized values for each patch for each set. Figure 13
demonstrates a distribution of normalized patch measurements for various positions at different
angular distances from the Sun, at various times in the day. Also, a superimposition of all sets
through the day is demonstrated. A comparison of the obtained distribution with the
characteristic curves for all sky-models (for the defined solar-position) can also be used to

identify closest sky-model for a dataset.
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Figure 13: Normalized incident patch illuminance for various positions at distance y from the sun at different
times through the day, and a superimposition of all distributions for the day (30 Jan 2018)

Figure 14 demonstrates the comparison between measured normalized luminance and
corresponding closest sky luminance distribution in terms of sky maps. Also, a comparison
between luminance distribution at various sun-distance angles is demonstrated with characteristic

curves for closest sky-models.
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6. Discussion

Existing building simulation packages are advanced, and perform whole building energy
analysis. However, there is a scope of improvement: while most input parameters such as
weather data and buildings’ operations are relatively easy to measure and define, the realistic

indoor illuminance prediction may be discerned as a research gap. Indoor illuminance is
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dependent on angular sky-luminance distribution — which is dynamic. The CIE sky-models can
predict the sky-luminance distribution in absence of measurement equipments, but there is a need
of identifying which sky-type to input as the appropriate model for a given instance at a location.
The simulation packages favor generic sky-models — CIE standard overcast sky model, and the
CIE standard clear sky model — to compute indoor illuminance distribution (pathway 1 of
Figure 1). The predicted indoor illuminance may be highly offset from their realistic values in
absence of the appropriate model. Devices may be used to measure angular sky-luminance
distribution and provide realistic luminance data/incident illuminance measurements of the
dynamic sky for calculating the indoor illuminance. However, creating entirely new simulation
packages for predicting indoor illuminance based on measured luminance distribution data-sets
(pathway 3 of Figure 1) provides challenges to come on-par with existing packages in terms of

other calculations: thermal, mechanical, etc in building energy analysis.

In this paper, we have discussed an intermediate solution (pathway 2 of Figure 1) — a protocol
for identifying the closest CIE model for a given time-point, through statistical analysis and
qualitative assessment. The curves of normalized sky-luminance at a patch (L,./L;) with respect
to the sun-distance () for all patches may be compared with characteristic curves for all 15 sky-
models to qualitatively identify the closest CIE sky-model at that time-point. The RMSD based
assessment between measured and modelled normalized luminance for all 265 patches can be

used to quantitatively identify the closest CIE sky-model for a time-point.

This approach provides a possibility of enhancing existing open source building simulation
packages through creating custom scripts. This way, similar to weather data input for fixed time-
instances, an identifier for closest CIE sky for each hour may be defined for calculating the

ambient sky luminance distribution, without having to input the large measured data-sets. There
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is also a possibility of extending this work using a Fuzzy Logic approach. In the present form,
the sky-types are rigidly defined using CIE’s most probable skies, but the fuzzy-logic approach
could be used to counter the ‘threshold effect’ for closest sky-types for consecutive time-points.
This way, the range in sky-clarity could be enhanced towards a more continuous form, and the

measured data could be reduced towards a smoother transition in sky-clarity.

7. Conclusions

We present the comparative analysis of measured incident sky illuminance data with 15 CIE sky-
models at Mumbai to establish the closest sky at various times through the day. Incident
illuminance data from spatially-discretized sky positions measured at Mumbai with a novel LDR
based device design over four representative days selected across five-month period was
analyzed and compared with model skies. For the representative data spanning 540 data-sets over
5 minute intervals, a range of 9 different sky-types was seen based on the minimum root mean
squared deviation method. Sky type 8 (CIE 111.4) was seen dominating over 50% of the daytime
for all four representative days. Hourly analysis demonstrated a trend from overcast-

intermediate-clear sky during early hours and opposite during later hours of the day.

The approach of measurement based modelling — reducing the measured sky-luminance
distribution into closest sky-model indicator — has the advantage of simplifying the input for
existing building simulation programs. Based on solar position and input sky-type, the modelled
sky-distribution dataset can be generated in the simulation packages for further calculation of
indoor illuminance. This way, the user can feed an indicator for the closest sky-type, eliminating
the need for incorporating the bulk of measured incident angular illuminance distribution arrays

for each time-point. The indoor illuminance measurement predictions and the overall building
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performance analysis can thus be more realistic, as compared to those calculated using generic

models at all time-points.
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