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Abstract

This report analyzes an extensive set of measurements of the solar irradiance made using four identical solar arrays and associated solar
sensors (collectively referred to as solar collectors) with different tilt angles relative to the earth’s surface, and thus the position of the sun, in
order to determine an optimal tracking algorithm for capturing solar radiation. The study included a variety of ambient conditions includ-
ing different seasons and both cloudy and cloud-free conditions. One set of solar collectors was always approximately pointed directly
toward the sun (DTS) for a period around solar noon. These solar collectors thus captured the direct beam component of the solar radi-
ation that predominates on sunny days. We found that on sunny days, solar collectors with a DTS configuration captured more solar
energy in accordance with the well-known cosine dependence for the response of a flat-surfaced solar collector to the angle of incidence
with direct beam radiation. In particular, a DTS orientation was found to capture up to twice as much solar energy as a horizontal (H)
orientation in which the array is tilted toward the zenith. Another set of solar collectors always had an H orientation, and this best captured
the diffuse component of the solar radiation that predominates on cloudy days. The dependence of the H/DTS ratio on the solar-collector
tilt angle was in approximate agreement with the Isotropic Diffuse Model derived for heavily overcast conditions. During cloudy periods,
we found that an H configuration increased the solar energy capture by nearly 40% compared to a DTS configuration during the same
period, and we estimate the solar energy increase of an H configuration over a system that tracks the obscured solar disk could reach
50% over a whole heavily-overcast day. On an annual basis the increase is predicted to be much less, typically only about 1%, because
the contribution of cloudy days to the total annual solar energy captured by a photovoltaic system is small. These results are consistent
with the solar tracking algorithm optimized for cloudy conditions that we proposed in an earlier report and that was based on a much
smaller data set. Improving the harvesting of solar energy on cloudy days deserves wider attention due to increasing efforts to utilize renew-
able solar energy. In particular, increasing the output of distributed solar power systems on cloudy days is important to developing solar-
powered home fueling and charging systems for hydrogen-powered fuel-cell electric and battery-powered vehicles, respectively, because it
reduces the system size and cost for solar power systems that are designed to have sufficient energy output on the worst (cloudy) days.
� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Solar energy utilization and solar tracking systems

Solar energy has the potential to supply an ever increas-
ing proportion of the world’s energy supply, and is the only
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energy source that can supply the additional energy that
the world will need over the next several decades in a man-
ner that will protect the environment and be sustainable
(Crabtree and Lewis, 2007). One way to capture solar
energy is to use photovoltaic (PV) cells, modules, and
arrays to convert the solar energy into electricity. The elec-
tricity can be used directly or stored using batteries, or
more preferably as hydrogen, i.e., any excess electricity
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Nomenclature

DTS flat-plate solar device pointed directly toward
the sun (solar disk)

L solar array with a latitude tilt (42� tilt angle with
respect to the earth’s surface for our site)

L + 15 solar array with a latitude tilt plus 15� (57� tilt
angle for our site)

L � 15 solar array with a latitude tilt minus 15� (27� tilt
angle for our site)

H solar array with a horizontal tilt (0�, i.e., pointed
toward the zenith)

Gh global (total) horizontal radiation, W m�2

Ibh beam (direct) radiation on a horizontal surface,
W m�2

Ibn beam (direct) normal radiation on a surface
pointed at the solar disk, W m�2

Idh diffuse (sky) radiation on a horizontal surface,
W m�2

PV photovoltaic cells or modules

STC standard test conditions (for PV cells or mod-
ules, this is an irradiance of 1000 W m�2 and a
temperature of 25 �C)

Isc PV short-circuit current in amperes; propor-
tional to solar irradiance

Solar irradiance solar power per m2, i.e., W m�2

Solar insolation solar energy per m2, equal to solar irra-
diance integrated over time, W h m�2

a solar altitude angle, measured from the earth’s
surface to the solar disk

b solar azimuthal angle, north–south position of
the sun, directly south = 180� (b = 180� at solar
noon)

h solar zenith angle; also the tilt angle of a flat-
plate solar collector such that it is perpendicular
to direct beam radiation (provided b is at the
proper angle)
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not utilized directly can be used to electrolyze water to
make hydrogen (Turner, 2004; Turner et al., 2008; Bayka-
ra, 2004). Hydrogen is a preferable energy carrier as it can
be utilized in fuel cells for both stationary (Ipsakis et al.,
2009) and transportation applications (Burns et al., 2002)
where the only byproduct at its end use is water. An excit-
ing future possibility for utilizing solar energy in the trans-
portation sector involves distributed solar systems where
individual home owners use solar energy to make hydrogen
for their fuel-cell electric vehicles, or to charge their battery
electric vehicles (Kelly et al., 2010). Such a scenario would
be totally renewable, pollution free (with respect to tailpipe
emissions) and would not need any petroleum. One impor-
tant factor in moving toward this possibility is optimizing
the generation and utilization of solar energy. The rest of
this paper will discuss our work toward increasing the solar
output from a given solar PV system.

Solar energy can be generated in large centralized plants
covering hundreds of acres, such as the 14 MW installation
at Nellis Air Force Base (AFB) in Nevada, or in smaller
distributed applications of several kW, such as those on
individual home roofs (SunPower Corp.). In between these
two extremes are PV installations on large roofs, such as
those on factories and warehouses. For example, General
Motors currently has several large solar roof installations
on factories; two in California have approximately 1 MW
of solar modules, and the one in Zaragoza, Spain has
approximately 12 MW of modules (General Motors Co.).
The Zaragoza installation is the largest solar roof installa-
tion in the world to date. Such large solar roofs can sus-
tainably generate much of the electricity needed at the
factories, and also reduce the emissions of pollutants
associated with electricity generation. These installations
on flat roofs have modules with a horizontal installation.

An example of a smaller application, approximating a
one-vehicle hydrogen fueler is located in Milford, MI
(Kelly et al., 2008). At that site, a small (7.6 kW) array is
used to electrolyze water to produce �0.5 kg of high-pres-
sure hydrogen gas per day – enough hydrogen to drive a
fuel-cell electric vehicle (FCEV) about 30 km per day. This
experimental system is a proof of concept for a home
hydrogen fueling system for future FCEV owners, as the
solar module area is approximately the area of a home
roof, and the electrolyzer-storage-dispensing unit (ESD)
could fit into a home garage.

A major obstacle to utilizing solar energy is the initial
cost of the system, especially the photovoltaic (solar) mod-
ules. There is a need to minimize the cost but to maximize
the efficiency, and to minimize the space used. The energy
output of a given module can be increased by �50% over
that for a system with a horizontal fixed tilt by using 2-axis
solar tracking, in which the flat surface of the module is
always perpendicular to rays of direct beam sunshine,
i.e., the module is pointed directly towards the sun
(DTS). The Nellis AFB installation, mentioned above, uses
1-axis solar tracking for the approximately 70,000 solar
modules installed; 1-axis tracking gives approximately
90% as much solar energy as 2-axis tracking.

Although solar tracking maximizes the collection of
direct beam solar radiation, which is by far the predomi-
nant component of the incoming global or total solar radi-
ation, it is also important to maximize the solar energy
capture on cloudy days, when almost all of the solar energy
is in the form of diffuse solar radiation, i.e., there is almost
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no direct beam solar irradiance. Improving the capture of
solar energy on cloudy days is particularly important to
using solar energy on a daily basis to generate hydrogen
(via water electrolysis) for fuel-cell electric vehicles
(FCEV), or to charge the batteries of extended range elec-
tric vehicles (EREV), i.e., to move toward an electrified
transportation system powered by renewable energy.

For cloudy conditions, 2-axis tracking can decrease the
amount of solar energy captured by 50% relative to PV
modules with a fixed horizontal tilt (Kelly and Gibson,
2009). In our earlier work, based on a relatively small num-
ber of measurements, we found that the PV solar energy
capture could be increased using a 2-axis tracking system
in which the solar disk was tracked during sunny periods,
but the PV modules were tilted skyward (toward the zenith)
during cloudy periods (Kelly and Gibson, 2009). Thus, we
found that solar tracking could be used to maximize the
capture of both direct beam and diffuse solar radiation,
i.e., on both sunny and cloudy days. In the present manu-
script, using a much larger set of measurements, we will
investigate this hypothesis using a set of four identical solar
arrays and associated solar sensors set up at the GM Prov-
ing Ground in Milford, MI.

1.2. Solar angles and solar irradiance

The sun’s location in the sky relative to a location on the
surface of the earth can be specified by two angles. They
are: (1) the solar altitude angle (a) and the solar azimuthal
angle (b). The angle a is the angle between the sun’s posi-
tion and the horizontal plane of the earth’s surface, while
the angle b specifies the angle between a vertical plane con-
taining the solar disk and a line running due north (see
Appendix A for a definition of the solar angles). At solar
noon the sun has traversed halfway in its path across the
sky, a is at its maximum value, and b = 180�.

The total (global) solar irradiance, Gh, (W m�2) imping-
ing on the horizontal surface of the earth is composed
mainly of two components: (1) beam (direct) horizontal
radiation, Ibh coming directly from the solar disk, and (2)
sky (diffuse) horizontal radiation, Idh that is first scattered
by molecules and particles, including clouds (Iqbal, 1983;
Lorenzo, 2003; Duffie and Beckman, 2006; Wilcox, 2007;
Stine and Geyer; Myers, 2005). This is expressed by the
equation:

Gh ¼ Ibh þ Idh ð1Þ

There is also some radiation that is reflected from the
ground; this will be more important for tilted surfaces than
for horizontal ones, and for simplicity is neglected here.
Using a pyrheliometer with a narrow field of view (typically
�6�) that is mounted on a tracking mechanism such that it
is pointed at the solar disk (Myers, 2005), researchers mea-
sure the beam normal irradiation, Ibn, which comprises the
nearly parallel rays from the diameter solar disk. The rela-
tionship between Ibh and Ibn is:
Ibh ¼ Ibn � cosineðHÞ ð2Þ

where H is the angle between the solar disk and the normal
to a horizontal surface, i.e., H is the solar zenith angle;
H = 90� � a. This is referred to as the cosine response of
a flat-surfaced solar (light) sensor to incident radiation. No-
tice that for a horizontally oriented surface, the azimuthal
angle (b) is irrelevant to specifying the angle of incidence
of a direct solar ray; for such a surface H is equal to the
complement of the solar altitude angle (90� � a). For a hor-
izontally-oriented solar module the response to direct beam
sunshine would thus be equal to Ibn � cosine (90� � a),
where a is the solar altitude. Note that the solar collector
(module, array, or sensor) tilt angle with respect to the hor-
izontal earth’s surface is equal to H, the solar zenith angle,
when the collector is pointing directly toward the sun. Com-
bining Eqs. (1) and (2), the global horizontal solar irradi-
ance can be expressed using the well-known formula:

Gh ¼ Ibn � cosineðHÞ þ Idh ð3Þ

A 2-axis tracking system is most effective in increasing
the solar energy harvest for beam radiation (no clouds)
since it keeps the H between the direct solar rays and the
normal to solar modules at 0� so that the cosine(H) = 1.
On cloud-free days, 85–90% of the sun’s energy comes from
the beam component, while the other 10–15% is diffuse
radiation from the sky, mostly scattered from atmospheric
aerosols (Gueymard et al., 2002). On cloudy days nearly all
of the solar energy is diffuse. Since diffuse solar radiation is
not aligned in a parallel fashion like beam radiation, track-
ing the sun dramatically decreases the solar energy from a
PV system on cloudy days (Kelly and Gibson, 2009). An
example of the relative magnitude of the components of
Gh on a sunny and a cloudy day can be found in Kelly
and Gibson (2009).

We will discuss solar radiation using both the solar irradi-
ance (radiant power incident on a unit area of a surface, i.e.,
the rate at which energy falls on a unit surface in W m�2) and
insolation (radiant energy incident on a unit surface area in
W h m�2). The insolation is the solar irradiance integrated
over a given time interval. On a cloud-free summer day the
solar irradiance reaches approximately 1000 W m�2 at the
surface of the earth. This “standard” irradiance of
1000 W m�2 is used in tests to rate the output of solar cells
and modules, and is often referred to as “one sun”.
2. Experimental

2.1. Measurement of the solar irradiance

Solar irradiance measurements were made using two
techniques: (1) silicon-photodiode pyranometer sensors,
and (2) solar modules, as described below.
2.1.1. Pyranometer sensors
Irradiance measurements were made using Li-200SL

sensors manufactured by Li-COR Biosciences (Lincoln,
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NE). Each Li-COR sensor was obtained with a calibrated
resistor, such that the output of the sensor was 10 mV
per 1000 W m�2. The output of the sensor was recorded
by a National Instruments based data system described
below. The Li-COR sensors were calibrated by the manu-
facturer and were inter-compared (as will be discussed) in
the field when the arrays were set to identical tilts. The
accuracy of the irradiance data from the Li-COR sensors
was estimated by the manufacturer to be ±5%, with a true
cosine response up to 80� angle of incidence (LI-COR,
Inc.). Li-COR silicon PV-based sensors have been shown
to correlate well with more sophisticated thermal-based
pyranometers (King and Myers, 1997; King et al., 1998;
Vignola, 1999; Myers et al., 2002), and they suit our pur-
poses of evaluating the collection of solar energy by PV
systems, especially when used in a relative sense to compare
different mounting orientations.

One sensor was mounted on each of the four identical
solar arrays at the GM Proving Ground in Milford, MI.
Photographs of the arrays with the tilt angle set the same
for all four arrays, as well as with each array set at different
tilt angles, are shown in Fig. 1. Fig. 2 shows details on the
location and mounting of the Li-COR sensor on each
array. The sensors were mounted in the plane of the ten
solar modules comprising each array. More detail on the
PV arrays can be found in Kelly et al. (2008).
Fig. 1. Picture of the four arrays set up at the Milford, MI Solar
Hydrogen Fueling site: (a) all four arrays with 57� tilt (latitude + 15�), and
(b) arrays #1, #2, #3, and #4 with tilts of (from left to right) 57�, 42�, 27�,
and 0�. The tilt angles were measured with respect to the earth’s surface.

Fig. 2. Picture showing details on the mounting of the Li-COR sensors:
(a) on two adjacent arrays, and (b) close-up of the sensor on one array.
Each of the four arrays had its own sensor.
2.1.2. Solar modules

Four arrays with 10 Sanyo HIP-190BA3 PV modules
(utilizing crystalline silicon based PV cells, combined in a
multi-junction system with amorphous silicon for added
efficiency) in each array were used to measure the solar
irradiance by shorting the arrays and measuring the
short-circuit current, Isc; Isc is proportional to the solar
irradiance. The temperature coefficient is negligible,
0.086 mA/�C (Sanyo, Inc.), so no correction was necessary
to the measured Isc. Under standard conditions, the Sanyo
modules have a short-circuit current of 3.75 amperes (A).
Each of the four arrays shown in Fig. 1 had 10 modules
wired in parallel (Kelly et al., 2008), so the short-circuit
current should equal 10 times that for one module. The
arrays were short circuited using #4 AWG cable and
cam-type connectors (single-pole Series 15 connectors, Lev-
iton, Inc., Little Neck, NY), and Isc was measured using a
Datel 50 mV/75A current shunt (Mansfield, MA) and a
data acquisition system as described later.

2.2. Measurement of the solar angles of the PV arrays

The four PV arrays provide power for the GM Solar
Hydrogen Fueling System as described previously (Kelly
et al., 2008). The arrays face south and the tilt angle could
be adjusted for each array. Typically the tilt angle is set
equal to the site latitude (42� for the Milford, MI location),
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but the angle could be varied so that the angle can be set to
a latitude or other tilt for different locations, as well as to
study the effect of tilt angle at a given location, as was done
for the present study.

The array tilt angle was measured using a Haglöf
Electronic Clinometer (Ben Meadows, Janesville, WI). This
is accurate to ±0.2�. The arrays were oriented facing true
south using a BRUNTON Nomad V2 Digital Compass
(Ben Meadows, Janesville, WI), with corrections for mag-
netic field as a function of latitude. The south facing angle
was verified by noting the solar position on some sunny
days and comparing it at solar noon, b = 180�, with pro-
grams that calculate the time of solar noon, as described
in Section 2.4. The tilt angles when the arrays were set with
four different tilt angles (Fig. 1b) are listed in Table 1.
2.3. Data acquisition

The data acquisition system (DAQ) utilized National
Instruments, NI, (Austin, TX) hardware and software
(LabVIEW, version 8) as described in Kelly et al., 2008.
The DAQ system hardware included an embedded com-
puter (NI 8196, 2.0 GHz) running Microsoft� Windows
XP Professional. The computer and various interface cards
were installed in a NI-PXI-1052 chassis. The parameters of
interest in this report include the Li-COR sensors, the PV
array currents, and the temperature sensors on each array.
Each PV array current was measured using a current shunt
to convert the current to a voltage. All outputs were inter-
faced with the computer using NI hardware. The individual
sensors (mV and V signals) were converted to engineering
units using calibration factors input into the LabVIEW
program and this data was recorded onto the computer
hard drive with a date and time stamp every 20 s. The
raw data was recovered from the DAQ computer using
its USB port and USB Flash Drives, and transferred to
another computer at the GM R&D Center where it was
read into both SAS (Cary, NC) and Excel for analysis.
The use of both SAS and Excel allowed convenient screen-
ing of the many variables in the data set, including vari-
ables from an electrolysis unit (Kelly et al., 2008), using
the unique attributes of each software package, i.e., SAS
Table 1
Array tilt angles during the period when the arrays were set with different
tilts.

Array Tilt angle
(�)

Description Notation Solar altitude for
DTSa (�)

1 57 Latitude + 15� L + 15 33
2 42 Latitude L 48
3 27 Latitude � 15� L � 15 63
4 0 Horizontal

(0�)
H 90

a This is the solar altitude that would result in the array facing directly
toward the sun (DTS) at solar noon (b = 180�), i.e., a direct beam solar
ray impinges perpendicular to the array surface, resulting in the maximum
response by the solar collector.
allows high-level programming capabilities and sophisti-
cated statistical routines, and Excel allows easily controlled
plotting and easily transferring the plots to written
documents.

Occasionally the data system underwent unexpected
shut-downs, resulting in data loss until the system was
checked during a site visit and manually restarted.

2.4. Prediction of solar altitude (a) and azimuthal (b)

angles versus time of day

The solar altitude and solar azimuthal angles, a and b,
respectively, were computed using a computer program
that calculates both angles as a function of time for the lat-
itude and longitude of the Milford, MI site (US Naval
Observatory). A convenient program was available to cal-
culate the solar altitude angle at solar noon for each day of
the study (Timeanddate.com). These programs utilize for-
mulas for the solar angles as a function of the site location,
date, and time that are well described in textbooks on solar
energy and engineering (Iqbal, 1983; Lorenzo, 2003; Duffie
and Beckman, 2006; Grena, 2008). In this report we use
Eastern Standard Time (EST) throughout, i.e., we will
not use Daylight Saving Time. By using EST throughout
the study there was little variation in solar noon
(b = 180�) throughout the year, and the discussion of the
results is simplified. For the Milford, MI site (lati-
tude = 42�350N, longitude = 83�410W) solar noon varied
from 12:16 to 12:39 over the course of the study.

3. Results and discussion

3.1. The data base for analysis

3.1.1. Same tilt angles on all four arrays

Data was collected on 102 days in 2007 and 86 days in
2008 for analysis. This data was only used to determine
the precision of the Li-COR solar irradiance measurements
and the precision of the solar array short-circuit measure-
ments. That is, the simultaneous readings from the identi-
cally-tilted Li-COR pyranometers and solar arrays were
used to estimate the precision of the measurements. The
solar arrays were only shorted for 30 of the 102 days, so
only this smaller data base was available for analyzing Isc.

3.1.2. Arrays with four different tilt angles
Our main interest is in assessing the effect of tilt angle on

the solar energy capture, and this was studied by setting the
array tilts to different angles, listed in Table 1. The study
period was from April 11, 2007 to December 1, 2007
(Julian dates 101–335 – a total of 235 possible days). A
total of 61 days was lost due to unexpected shut-downs
of the data system, and on approximately 9 days snow
and/or ice on the sensors/arrays prevented accurate mea-
surements so this data was deleted from the data base.
The final data base consisted of 164 days for the Li-COR
sensors and 161 days for the shorted arrays.
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The array tilt angles spanned the main angles of interest
in most PV installations. For example, the best overall
fixed tilt angle is a latitude tilt (L), which for the GM Mil-
ford Proving Ground is 42�. If seasonal adjustments to the
tilt angle can be made, a tilt of latitude plus 15� (L + 15) is
better during the summer, and a tilt of latitude minus 15� is
best during the winter (L � 15). A horizontal tilt (H,
tilt = 0�) is particularly interesting, since it is the tilt avail-
able on flat roofs, which are predominately used on most
large factory and warehouse buildings. The four tilt angles
will allow us to compute the beam irradiance on sunny
days, i.e., one of the L � 15, L, or L + 15 arrays points
at the sun, as well as the diffuse irradiance on cloudy days
(from the H array), as will be explained later.
3.1.3. Maximum response to beam solar irradiance (DTS

array)

For a time period around solar noon, one of our arrays
was pointed directly toward the sun (DTS), and for that
time period our stationary solar collectors yielded the
same solar irradiance as a 2-axis tracking system, as will
now be explained. The highest solar irradiance occurs
on sunny, clear days when beam solar irradiance predom-
inates (see Section 1.2, discussion after Eq. (3)). Photovol-
taic systems capture the maximum solar energy when their
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Fig. 3. Comparison of the four Li-COR solar irradiance measurements when
sunny day (March 20, 2007), and (b) a cloudy day (January 24, 2007). The thr
axis) computed by subtracting the Li-COR #4 solar irradiance from the solar irr
(blue). The solid black line is a plot of the solar irradiance (right y-axis) measu
figure legend, the reader is referred to the web version of this article.)
flat surface is perpendicular to incoming beam solar radi-
ation, Ibn. Our arrays were south facing, and during the
period when the arrays had four different tilt angles, the
solar altitude, a, at solar noon varied from a minimum
of 25.8� on December 1, 2007 to a maximum of 71.1�
on June 21, 2007 (calculated using the computer program
described in Section 2.4). Note: data for the minimum
possible a, on December 21, was not recorded due to ter-
mination of the study on December 1. To be pointed
directly toward the sun (DTS) for June 21 and December
1, the tilt angles would be: 18.9� for the June date and
64.2� for the December date. The four array tilt angles
during the study were 0�, 27�, 42�, and 57�. Thus, the
array with a tilt angle of 27� (#3) is the array closest to
the DTS condition near solar noon on June 21. The array
with a tilt angle of 57� (array#1) is closest to the DTS
condition near solar noon on December 1. In general,
one array was always within about 8� of attaining DTS
at solar noon for the study period. The maximum 8�
“error” between a true DTS and our approximate DTS
condition is minimized by the cosine response to beam
solar radiation (Appendix B), and shows that one of the
four arrays can be used as a measure of the DTS (2-axis
tracking) solar irradiance near solar noon for any day
during the study period.
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3.2. Comparison of the solar irradiance measured with equal

array tilts

3.2.1. Li-COR sensors

To determine the precision of the four Li-COR solar
irradiance measurements, they were compared when the
array tilts were equal. There were 188 days in the data base
for analysis. For the testing, all four array tilts were set at
either L or L + 15. A comparison of the readings from the
Li-COR sensors for the four arrays on a sunny day and a
cloudy day are shown in Fig. 3. In Fig. 3, the readings from
the H sensor were subtracted from the other three sensors
to emphasize the differences in the sensors, i.e., if there were
perfect agreement amongst the four sensors, the colored
lines in Fig. 3 would remain at zero throughout the day.
The solar irradiance measured by the H-oriented sensor
is also shown. For the sunny day in Fig. 3a (March 20,
2007), the maximum difference between the four solar irra-
diance readings near the maximum irradiance at solar noon
is less than 30 W m�2, which is approximately 3% of the
measured solar irradiance of over 1000 W m�2. For the
cloudy day in Fig. 3b (January 24, 2007) the maximum dif-
ference between the four irradiance measurements near the
maximum irradiance at solar noon is less than 15 W m�2,
which is approximately 5% of the measured solar irradi-
ance of 300 W m�2. A statistical analysis of all 188 days
was performed by determining the total insolation from
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Fig. 4. Comparison of the four Li-COR solar irradiance measurements when th
(a) a clear, sunny day (November 2, 2007), and (b) a cloudy day (April 27, 2007)
(left y-axis) computed by subtracting the Li-COR #4 solar irradiance from the
COR #3 (blue). The solid black line is a plot of the solar irradiance (right y-axi
in this figure legend, the reader is referred to the web version of this article.)
sunrise to sunset (integrated daily irradiance), and comput-
ing the difference between the maximum and minimum Li-
COR-measured solar insolation values divided by the mean
solar insolation. The maximum error in the insolation com-
puted in this manner was 3.2% and this can be considered a
robust measure of the precision of the solar irradiance
measurements.

3.2.2. Solar array Isc

The solar array Isc measurements were compared on
30 days. The agreement was similar to that observed for
the Li-COR measurements discussed above. On any given
day, from sunrise to sunset, Isc varied by approximately
1–3% for the difference between the maximum and the min-
imum amongst the four arrays over the course of a day.
The integrated short-circuit current, computed in the same
manner as for the Li-COR-measured solar insolation, had
a mean variation of 2.9%.

3.3. The effect of array tilt on a given sunny and cloudy day
with four different tilt angles

3.3.1. Sunny day

Fig. 4a shows a plot of the solar irradiance measured
throughout the day on a sunny day (November 2, 2007)
during the study period when the arrays had the four differ-
ent tilt angles (see Fig. 1b) listed in Table 1. In Fig. 4a, as in
So
la

r i
rra

di
an

ce
, W

m
-2

 of day

So
la

r i
rra

di
an

ce
, W

m
-2

 of day

e array tilt angles were all set to four different angles (shown in Fig. 1b) on:
. The three different colored lines show the difference in the solar irradiance
solar irradiance measured by LI-COR #1 (green), Li-COR #2 (red), or Li-
s) measured by Li-COR #4. (For interpretation of the references to colour



Table 3
Maximum solar irradiance and total solar insolation for the data in
Fig. 4b – a cloudy day.

Array Tilt angle
(�)

Maximum irradiance
(W m�2)

Total insolation
(kW h m�2)

1 57 229 1.01
2 42 247 1.08
3 27 271 1.20
4 0 288 1.31
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Fig. 3, the readings from the H sensor were subtracted
from the other three to emphasize the differences between
the sensors, and the reading from the H sensor is shown rel-
ative to the right-hand y-axis. Notice the large differences
between the solar irradiances, over 300 W m�2, measured
near solar noon when the arrays had different tilts
(Fig. 4a) versus the small differences, less than 30 W m�2,
when the arrays had the same tilt (Fig. 3).

Clearly the highest irradiance on this day was obtained
for the Li-COR on array #1 (green line in Fig. 4a) which
had a fixed tilt of 57�. The highest (solar noon) irradiance,
as well as the integrated irradiance (insolation) for the four
different tilt angles are listed in Table 2. The optimal tilt on
this day, for the four tilts that we investigated, is clearly for
Li-COR #1 with a tilt of 57� (L + 15). This optimal tilt
yields 4% higher, 16% higher, and 46% higher maximum
irradiance than 42� (L), 27� (L � 15), and 0� (H) tilts,
respectively. Regarding solar energy (total insolation), the
optimum tilt, 57�, yields 4% higher, 19% higher, and 50%
higher energy than 42� (L), 27 (L � 15), and 0� (H) tilts,
respectively.

The solar altitude angle, a, at solar noon (b = 180�) was
32.9� and solar noon occurred at 12:16 EST on November
2 (computed using the method described in Section 2.4).
Thus, at solar noon an array with a tilt of 57.1� would be
lined up directly toward the sun (DST). Array #1 is very
close to this condition, and thus suffers virtually no cosine
loss at solar noon. Array #2 has an angle of incidence for
beam solar rays of about 15�. Based on the cosine law, it
should have 97% of the response of array #1. Array #3
has an angle of incidence for beam solar rays of about
30�. Based on the cosine law it should have a response of
87%. Array #4 has an angle of incidence for beam solar
rays of about 57�. Based on the cosine law, it should have
a response of 55%. This is in qualitative agreement with the
observations in Fig. 4a.

In summary, on a sunny day in the Fall, the advantage
of having a tilt (L + 15) that aligns the array near a DTS
condition around solar noon is very advantageous in cap-
turing the most solar energy, while a horizontal (H) tilt
yields only half as much solar energy as the optimal fixed
tilt for this season.
3.3.2. Cloudy day

Fig. 4b shows a plot of the solar irradiance measured
with the four Li-COR sensors for the four tilts on a cloudy
day (April 27, 2007). In Fig. 4b, as in Figs. 3 and 4a, the
Table 2
Maximum solar irradiance and total solar insolation for the data in Fig. 4a
– a clear, sunny day.

Array Tilt angle
(�)

Maximum irradiance
(W m�2)

Total insolation
(kW h m�2)

1 57 1032 6.84
2 42 993 6.42
3 27 862 5.53
4 0 560 3.41
solar irradiance measured by the H-oriented Li-COR was
subtracted from the other three to emphasize the differ-
ences, and the solar irradiance measured by the H-oriented
Li-COR is shown with respect to the right vertical axis.
Notice how the horizontally positioned Li-COR (#4) mea-
sures the highest solar irradiance throughout most of the
daylight period on a cloudy day, i.e., the plotted solar irra-
diance differences (colored lines) are all negative in Fig. 4b,
especially near solar noon. This is in marked contrast to the
sunny day in Fig. 4a, where the differences are all positive,
i.e., the H-oriented sensor measures the lowest solar irradi-
ance. The highest irradiance, as well as the daily integrated
irradiance (insolation) for the four different solar-collector
tilt angles are listed in Table 3. Based on the period from
6:00 to 20:00, the H-tilted array collects 30%, 21%, and
9% more energy than the 57�, 42�, and 27� tilted arrays
(based on ratio of insolation values in Table 3). Thus, the
more the array is tilted away from the horizontal (H), the
less energy it collects on a cloudy day.

The solar altitude at solar noon on this day was 61.5�. If
an open loop 2-axis tracking system based on calculation of
the astronomical position of the sun (Grena, 2008) were
used on our solar arrays, it would adjust the PV array tilt
angle to a value of 28.5� at solar noon to attain a DTS con-
dition. Array #3, with a tilt of 27�, is very close to that
angle. If there were beam sunshine at solar noon, there
would be virtually no “cosine loss” for array #3 and it
would collect approximately 11% (cosine (27�) = 0.89)
more solar energy than array #4 (H array, tilt = 0�). How-
ever, with clouds present, array #3 collects 9% less solar
energy than array #4.
3.4. Overall analysis of the effect of tilt angle on solar

insolation

3.4.1. Data base

There were 181 days in the data base used to analyze the
effect of tilt angle using the four tilted arrays. After deleting
days with only partial data capture, or when there was
snow or ice on the arrays and Li-COR sensors, 164 days
remained for analysis based on the Li-COR-measured solar
irradiance and 161 days for analysis of the array Isc.
3.4.2. Derivation of the H/DTS ratio
The variable that we will analyze is the ratio of the irra-

diance measured by the horizontal Li-COR sensor (H) to
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that from a sensor that is pointed directly toward the sun
(DTS) – the H/DTS ratio. This analysis variable was used
by Kelly and Gibson (2009) to show the increased irradi-
ance for an H tilt versus the DTS tilt on cloudy days. In
Kelly and Gibson (2009) the DTS condition was achieved
by manually pointing a solar sensor at the sun (or at the
sun’s calculated position if clouds obscured the sun). In
the present study, one array always had the H tilt, and
we can use one of the three tilted arrays (27�, 42�, or 57�)
at solar noon to approximate the DTS condition as will
now be shown. For simplicity, we will only discuss the
H/DTS measured by the Li-COR sensors in this section.
However, the solar array Isc values were also used to mea-
sure H/DTS, and this will be discussed later.

At solar noon, the azimuthal angle, b, is 180� so there is
no cosine loss from being off-axis from the surface normal
with respect to that angle. Over the course of the study with
four arrays having different tilts (April 11 to December 1,
2007), the altitude angle at solar noon, a, varied from
26.3� to 71.0� (based on the solar position calculator
described earlier). To be perpendicular to incoming beam
solar radiation, i.e., DTS, the array tilt angle would need
to cover the range from 63.7� to 19.0� for the range of
a’s considered. Thus, one of the arrays (27�, 42�, or 57�)
was always within 8� of being DTS. Based on the discus-
sion in Appendix B, the cosine error for off-axis angles
up to 10� is only 1.5%, which is negligible. The next ques-
tion is what values of b should be chosen to determine the
DTS solar irradiance. Clearly, right at solar noon
(b = 180�) the module alignment with respect to the azi-
muthal angle is perfectly DTS. Using the solar position cal-
culator described earlier, the value of b changed most
rapidly near the summer solstice (approximately June 21),
where the angle changed by approximately 20� over the
½ hour period centered at solar noon. Thus, to keep b
within 10� of DTS, the time period considered to calculate
the average DTS solar irradiance near solar noon was solar
noon ±15 min. Typically, solar noon occurred at 12:28
with the earliest time during the study at 12:16 and the lat-
est time at 12:39. Thus, on average, data during the period
from 12:13 to 12:43 was used to calculate the H/DTS ratio
that will be used in our further discussion.

For example on April 26, 2007 the solar altitude at solar
noon was 61.2�, and array #3 (and Li-COR #3) with a tilt
of 27� was aligned within 1.8� of being DTS at solar noon.
Thus, this was chosen as the DTS sensor. The H sensor was
always Li-COR #4 during the study.

Fig. 5 shows a plot of the H/DTS ratio versus the inte-
grated irradiance measured for a latitude tilt (Li-COR #2,
with a tilt of 42�) for the 1/2 h time period about solar
noon (roughly 12:13–12:43, depending on the exact date).
The data is distinguished by the month during which the
data was collected.

First, from the trend line in Fig. 5, notice that at low
insolation the H/DTS ratio is greater than 1 and
approached a value of approximately 1.4. These low inso-
lation days are the cloudy days, and this shows that on
cloudy days, the H orientation is superior to the DTS
(which approximates 2-axis tracking) by up to 40%. From
the trend line in Fig. 5, it appears that the tracking advan-
tage (Kelly and Gibson, 2009) begins at an insolation of
about 170 W h m�2. Because a half-hour period was used
to compute the insolation, the solar irradiance point where
a positive tracking advantage begins is 340 W m�2. At
higher insolation, i.e., the sunny days, the H/DTS ratio
in Fig. 5 diverged into two lines, and it is clear that the data
are stratified according to the month. For the late spring
and early summer months (April, May, June, July, and
August), H/DTS is just under 1.0, whereas for the late
Sumner and Fall (September, October, and November)
the ratio is lower, say 0.6. The reason for this is that the
H and DTS conditions approach one another for our array
configurations during the summer months. The H configu-
ration captures much of the beam sunshine on sunny sum-
mer days, but the opposite is true on sunny winter days
where the altitude angle is low. Thus, we expect H/DTS
to have different values on sunny days for different months
due to the well-known cosine effect (Eq. (2)) for beam irra-
diation on a horizontal surface.
3.4.3. Comparison of H/DTS measured by the Li-COR

sensors to that of the solar arrays

There were 161 days on which both the Li-COR sensors
and the solar arrays were used to measure the H/DTS
ratio. For the Li-COR sensors the solar irradiance was
measured directly, while for the arrays the short-circuit
current, that is proportional to the irradiance, was
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measured. Fig. 6 shows a comparison of the H/DTS ratio
measured by the two techniques. There was a good corre-
spondence between the H/DTS ratio measure by the two
techniques, as shown by the approximately linear relation-
ship and slope near 1.0 in Fig. 6. The data for the sunniest
days is in the lower left-hand portion of Fig. 6, while the
data for the cloudiest days is in the upper right-hand por-
tion of Fig. 6. On sunny days, the Li-COR sensors mea-
sured a slightly higher H/DTS ratio, while on cloudy
days the Sanyo modules (arrays) measured a slightly higher
H/DTS ratio.

It is important to note, that both of the solar collectors
used in this work (Li-COR sensors and Sanyo PV modules)
are based on crystalline silicon (c-Si) technology. This sim-
ilarity, and the similar spectral response of these two mea-
surements, is likely responsible for the good correlation
between the two quantities plotted in Fig. 6. Thus, the
results may not directly apply to other technologies, such
as thin-film amorphous silicon, cadmium telluride, copper
indium di-selenide, or to more exotic materials such as gal-
lium arsenide, which have different spectral responses to
solar energy than c-Si. Nonetheless, c-Si is the currently
by far the major material used worldwide in the manufac-
ture of solar PV modules, so our results apply to a very
important class of solar materials.
1.0
3.5. Comparison of the sunny-day H/DTS ratio to

predictions from the cosine response for beam solar radiation

According to Eq. (2), the response of a horizontally-ori-
ented solar sensor depends on the cosine of the angle
between a surface normal and the angle of incidence with
the surface – a so-called cosine response law. That is, a
flat-surfaced solar collector will respond 100% to solar rays
impinging normal to the surface because the cosine of the
angle between the ray and a normal to the surface is 0�
and cosine (0�) = 1. For rays impinging at 90� relative to
the collector surface, the response will be 0 since the cosine
(90�) = 0. Since roughly 90% of the solar radiation on a
y = 1.109 * x - 0.106
R² = 0.985
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Fig. 6. Comparison of the H/DTS ratio measured using the Li-COR
sensors to that measured using the solar array short-circuit current, Isc.
sunny day is beam radiation, we can neglect the diffuse
component that has a different and more complex angular
dependence than beam solar radiation, and assume that all
of the solar irradiance on sunny days is beam radiation that
obeys the cosine law. Thus, if we plot the H/DTS ratio ver-
sus the angle of incidence on the Li-COR sensor, it should
follow the cosine law, because the H surface will obey the
cosine law and the DTS surface will yield a full response,
i.e., no cosine loss.

Fig. 7 shows a plot of H/DTS versus the angle of inci-
dence of the beam solar radiation for the quartile of the
sunniest days; the theoretical cosine response is also shown.
The agreement is very good for both the array and Li-COR
measurements, particularly at higher incidence angles.
Measured ratios greater than the prediction are expected,
because even on very sunny days approximately 10% of
the solar irradiance is diffuse irradiance, and this will be
captured best by the H tilt, as discussed in the next section.

3.6. Comparison of the cloudy-day H/DTS ratio to

predictions from the isotropic diffuse radiation model

On mostly cloudy, and especially heavily-overcast days,
virtually all of the solar irradiance is diffuse (Kelly and
Gibson, 2009). As discussed in Kelly and Gibson (2009),
the diffuse solar irradiance is more complicated to model
and predict than clear-sky radiation because of the random
and complex nature of cloud cover. However, a simple
model by Liu and Jordan (1963), referred to as the Isotro-
pic Diffuse Model (IDM) has been used to predict the
angular dependence of diffuse irradiance falling on tilted
surfaces. The IDM considers the cloudy sky as a perfectly
isotropic irradiator, outputting solar radiation that is uni-
formly balanced over the whole sky (Liu and Jordan,
1963; Kambezidis et al., 1994); Rensheng et al., 2004; Noo-
rian et al., 2008). Although there are more sophisticated
models for diffuse solar radiation on cloudy days that
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account for anisotropic conditions in which there are
bright spots in the sky, they reduce to the IDM (Lorenzo,
2003) for heavily overcast conditions that we are
considering.

The IDM has the mathematical formula:

IH;diffuse ¼ Idh � ð1þ cosineðHÞÞ=2 ð4Þ
where IH, diffuse is the measured irradiance at a solar zenith
or solar-collector tilt angle H from the horizontal and Idh is
the horizontally-measured diffuse radiation (solar disk
shaded). Our measurement (during heavy overcast) of the
H irradiance is Idh in the model and our measurement of
DTS is equivalent to IH, diffuse, in the model, where the
angle H in Eq. (4) is equal to the complement of the solar
altitude angle (90� � a). Thus, on cloudy days, the H/DTS
ratio should vary as the inverse of (1 + cosine (H))/2.

Fig. 8 shows a plot of the inverse of (1 + cosine (H))/2)
versus H as H varied from 0� to 90�, together with the mea-
sured values of H/DTS from the present study. The data is
from the upper right-hand side of Fig. 5, and includes the
44 cloudiest days, based on the solar insolation near solar
noon. The model and data show the same trend, and the
agreement is very good for the average values of the ratio
at the three tilt angles explored with the Li-COR and array
measurements. The agreement is superior to that in Kelly
and Gibson (2009), where a large divergence was observed
at the higher angles. Some of the spread in the data may be
due to changes in the reflected ground component of the
diffuse solar radiation, which we have neglected in our
analysis. Variations in this component of the solar radia-
tion would especially affect the data at the higher tilt angles
(57�), and that is where the data has the largest spread in
Fig. 8. Given the complexity of modeling the effects of
clouds on solar insolation, and uncertainties in solar
measurements over seasonal periods (Gueymard, 2009;
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Fig. 8. Modeled H/DTS ratio as a function of the sensor or array tilt
angle with respect to the horizontal (tilt angle of 0� = horizontal). The
model used for the H/DTS ratio (solid line) is the Isotropic Diffuse Model
(Eq. (4)), commonly called the Liu-Jordan model (Liu and Jordan, 1963).
The filled symbols show the daily measured H/DTS ratio near solar noon
for the 46 cloudiest days during the study based on the insolation
measured near solar noon using the Li-COR sensors and solar arrays. The
average ratio (open symbols) for each of the three tilt angles and two
measurement techniques is also shown.
Gueymard and Myers, 2009) the agreement in the present
and previous (Kelly and Gibson, 2009) studies with the
simple IDM is considered good.

3.6.1. Estimate of the increase in the solar insolation over a

whole cloudy day with an H orientation versus 2-axis solar

tracking
We have shown that on cloudy days an H-oriented sen-

sor or PV system collects up to 40% more solar energy that
a 2-axis tracking system that follows the hidded solar disk,
for a period around solar noon. It is important to extend
this analysis to determine how much the H-orientation will
increase the solar energy versus 2-axis tracking over a
whole cloudy day. To estimate this quantity, we used: (1)
the solar irradiance measured using the H-oriented Li-
COR sensor on cloudy days, (2) the IDM model to esti-
mate the reduction in solar energy as the 2-axis tracking
system changed the angle h, and (3) a program to predict
the solar angles throughout the day (US Naval Observa-
tory) discussed earlier. Note: the b angle has no effect on
the angle h; only a is relevant to the calculation. Near sun-
rise and sunset, the solar altitude is very low, while near
solar noon the solar altitude, a, reaches its maximum angle,
and thus h, the solar tilt corresponding to alignment with
the solar disk (h = 90 � a) is smallest near solar noon.
Thus, the solar energy from an H configuration will be
increased relative to 2-axis tracking by considering the
whole solar day.

This can be understood by reference to Fig. 8. The DTS
(2-axis tracking) h angle is larger to the right on the x-axis,
and thus the H/DTS ratio increases. We calculated the
whole day H/DTS ratio from the solar irradiance measured
for the H-oriented Li-COR sensor, the a angle from the
solar angle program, and the H/DTS as a function of h
from the IDM for two cloudy days; (1) November 21,
2007, and (2) June 5, 2007. These 2 days span large values
of h, when the H-advantage is greatest, and low values of h,
when the H-advantage on cloudy days is least from the
range of days in our data base. The result was: on the
November day, the H-orientation collected 50% more
energy than the DTS (2-axis) sensor, while on the June
day the increase was about 15%. The whole-day 50%
increase can be compared to the maximum increase mea-
sured for just the noon times (the extrapolation of the line
in Fig. 5 to the left-hand axis) of about 40%.

3.7. Estimate of the total annual increase in solar
photovoltaic energy capture utilizing a hybrid tracking

system

The increase in solar energy on cloudy days will have a
diminished influence on the overall solar energy collected at
a given site, because significantly less solar energy is avail-
able on cloudy days versus sunny days. To estimate the
additional solar energy collected by a hybrid tracking sys-
tem using 2-axis tracking on sunny days and a fixed H con-
figuration on cloudy days, we used the Solar Advisor



122 N.A. Kelly, T.L. Gibson / Solar Energy 85 (2011) 111–125
Model, SAM (see Gilman et al., 2008, for a description).
The model input can be varied to use meteorological data
and modeled solar irradiance for a variety of sites and
PV orientations with hourly time resolution for a whole
yearly period. For our estimate we modeled 2-axis tracking
and a horizontal tilt for Detroit, MI and Phoenix, AZ.
These two sites span the solar energy conditions in the
U.S.; for Detroit up to half the days are cloudy, while in
Phoenix only about 20% of the days are cloudy (Kelly
and Gibson, 2009). The default surface reflectance (albedo)
in the model was 0.2 for conditions where there was no
snow cover and 0.6 for snowcover conditions. Also, the
default Perez diffuse solar radiation model was used. The
output of the model was the hourly DC electrical energy
output for 1 year (8760 h, with about half having of the
hourly time periods having some solar energy; the rest were
nighttime periods with no solar energy and were deleted)
for two solar PV systems: one with 2-axis tracking and
one with a horizontal tilt. From this data we created the
output of a hybrid system that was the maximum of DC
electrical output of the 2-axis and fixed H systems. The
hybrid tracking system represents a 2-axis tracking system
containing a provision to go to an H configuration when it
is cloudy. The result was: (1) the hybrid system collected
about 1% more energy on an annual basis for Detroit,
and (2) it collected the same amount of energy for Phoenix.
Interestingly, for Detroit, on the days with the lowest daily
solar energy (cloudiest days), the hybrid system increased
the solar energy by over 50%, in agreement with our exper-
imental findings and earlier whole-day estimate. Thus, the
modeling estimates using SAM show that the yearly total
electrical energy generated by a hybrid tracking system that
dramatically improves the collection of solar energy on the
worst solar days is small, typically on the order of 1%, even
for sites like Detroit where it is often cloudy. However, as
discussed in the next section, there is still a reason for
focusing attention on improving the solar energy capture
on cloudy days.

3.8. Impetus for improving the capture of solar energy on

cloudy days

As discussed in Kelly and Gibson (2009), the impor-
tance of improving the solar energy output on cloudy
days is that it reduces the system size and cost if the sys-
tem is sized to produce sufficient electrical power output
on the worst solar days. Thus, improving the solar energy
capture on the cloudiest days by up to 40% can allow the
system size to be reduced by that amount. If the solar sys-
tem is installed on a home and utilized to generate hydro-
gen for FCEV using solar electrolysis (Kelly et al., 2008),
the size of the solar and hydrogen storage systems could
be reduced. The hydrogen storage system is designed to
be able to hold enough hydrogen to supply the vehicle
for a few bad days in a row – this is like the autonomy
built into an off-grid solar system that uses batteries to
store solar energy. A similar statement can be made for
a solar system to charge batteries in EREV. Therefore,
improving the solar energy capture on the worst days is
important to try to level out the day-to-day fluctuations
in the system output as much as possible. Improving the
solar energy harvest on cloudy days has received little
attention; rather, the emphasis has been on maximizing
the output using solar tracking on good solar days (Sun-
Power Corp.; Rubio et al., 2007; Amonix Inc.; Mousa-
zadeh et al., 2009).

It is possible and perhaps likely that increasing the
capacity of the storage system is preferable from a cost
and simplicity standpoint versus increasing the collection
of solar energy on cloudy days. Moreover, the overall
cost/benefit analysis for utilizing a solar collection system
with an option for reorienting the solar arrays, to gather
more solar energy on sunny days or cloudy days, may or
may not favor a tracking system, depending on the perfor-
mance of the solar tracking system (Mousazadeh et al.,
2009), the geographical location of the solar site, the cost
of solar modules, the cost of land, and the cost of solar
tracking systems. The cost of land becomes important
because more land is generally needed for systems employ-
ing tracking to avoid shading of one array by another
array. Our cloudy-day optimal H-orientation will not
increase the land needed by a utilizing 2-axis tracking
because an H-orientation is least sensitive to obstructions,
as it is pointed skyward. Also, adjusting a 2-axis tracking
system to attain an H-orientation on cloudy days, and then
leaving it at that tilt throughout the day or the extended
cloudy period, will use less energy to drive the electric
motors that adjust the tilt of the solar modules, than hav-
ing the system continuously follow the obscured sun. In
summary, it is important to have options to perform a
cost/benefit analysis for solar systems that include 2-axis
tracking, 1-axis tracking, an option for attaining an H-ori-
entation during very cloudy periods, and a variety of
energy storage technologies for a wide variety of sites.

4. Summary

It is important to increase our use of clean and readily
available solar energy in the future in order to minimize
the deleterious environmental effects of using fossil fuels,
as well as to make up for the predicted increased energy
needs over the next 40 years. Since solar energy undergoes
strong day-to-day, diurnal, and seasonal variation, it is
necessary to store solar energy; the electrolysis of water
to make hydrogen appears to be the best alternative for this
task. For both large and smaller solar hydrogen installa-
tions it is important to design solar systems that capture
the maximum amount of solar energy. In some cases, the
physical layout of the site will dictate the type of solar
installation. For example, on a large building roof, the only
feasible installation is horizontal, while on most homes, the
installation would be on the south facing portion of a
pitched roof at the roof angle. However, for some installa-
tions, especially large solar power plants (SunPower Corp;



Fig. A1. Illustration of the position of the solar disk as determined by
specifying the solar altitude (a) and azimuthal (b) angles. The solar path
shown in the figure corresponds to a day in the early fall or late winter
seasons in the northern hemisphere, i.e., just prior to the spring equinox or
just after the fall equinox. Solar noon is the time of day when b = 180�,
i.e., the sun is directly south and is halfway between sunrise and sunset.
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Amonix Inc.) solar tracking is utilized, and this can
dramatically increase the amount of solar energy captured.
Solar tracking systems with current technology can
increase the solar energy capture by 30% versus a fixed
south-facing latitude tilt installation in the U.S. However,
current conventional solar tracking systems are optimized
for sunny days with abundant beam sunshine, and they
can decrease the solar energy capture on cloudy days when
diffuse sunshine predominates. In this study, we have
shown that the energy capture of a solar tracking system
can be increased on cloudy days by utilizing an additional
method and apparatus to attain the H configuration when
clouds are present. Based on the present results, the
increased solar energy captured using a tracking system
that attains an H configuration on cloudy days approached
40% compared to conventional configuration during the
same period. This will in turn reduce the size and cost of
solar systems that must be designed for the worst solar
days.

5. Conclusions

1. Four identical solar arrays and sensors were oriented at
four different angles for a period of approximately
8 months at the Milford Proving Ground in 2008 to
study the effect of the tilt angle on the amount of solar
energy captured. Near solar noon, one of the three arrays
and its associated solar sensor was oriented directly
toward the sun, DTS, which maximized the capture of
beam solar irradiance, while one array and sensor always
had a horizontal tilt, H, which maximized the capture of
diffuse irradiance. The H/DTS ratio was computed from
both the array- and sensor-measured irradiance. This
quantity was used to analyze the optimal orientation
for solar energy capture on both sunny and cloudy days.
This large data base expanded on our earlier analysis
that only had spot measurements on 4 days.

2. On sunny days, with predominantly beam solar radia-
tion, the H/DTS ratio approximately obeyed the well-
known cosine response law. On sunny days, H/DTS
approached 0.5, i.e., tracking the sun would yield twice
as much solar energy as a fixed horizontal tilt.

3. On cloudy days or during cloudy periods, our analysis
shows that 2-axis tracking will reduce the solar energy
capture versus a horizontally tilted sensor (or array).
We observed that the H/DTS ratio reached values of
1.37 for the cloudiest days. Over a whole cloudy day
we estimate an H orientation of a solar array can collect
as much as 50% more energy that a system that moves
the array to track the obscured solar disk. However,
over a whole year, the additional energy collected by a
hybrid tracking system, utilizing an H configuration
on cloudy days, is only about 1%.

4. A simple model for diffuse radiation, referred to as the
Isotropic Diffuse Model, agreed well with the average
angular dependence that we measured for the H/DTS
ratio on cloudy days.
5. The present work, together with our earlier work shows
that an optimized solar energy system would utilize 2-
axis solar tracking during sunny conditions to capture
the beam irradiance, but would orient the modules
toward the zenith for cloudy conditions. In the past,
the emphasis has been on optimizing the capture of
beam solar radiation on sunny days because it is by
far the largest overall component of the solar irradiance.
However, maximizing the capture of diffuse solar radia-
tion on cloudy days is important in order to minimize
the system size and level out the day-to-day fluctuations
in system output. In particular, the dramatic improve-
ment on cloudy days is especially useful for a home
fuel-cell electric vehicle (FCEV) fueling system that
needs to supply hydrogen for daily commuting on a con-
tinuous basis throughout the year.

Acknowledgments

The authors thank Dave Gorski and Andy Galant of
GM R&D, and Mike Birschbach of Avalence for help with
the data acquisition system. We also thank the reviewers
for several ideas for improving the paper, including using
the Solar Advisor Model to predict the annual solar energy
for different PV system orientations and tracking modes.

Appendix A. Definition of solar angles used to specify the

position of the sun

The sun’s location in the sky relative to a location on the
surface of the earth can be specified by two angles as shown
in Fig. A1. They are: (1) the solar altitude angle (a), and (2)
the solar azimuthal angle (b). The angle a is the angle
between the sun’s position and the horizontal plane of
the earth’s surface, while the angle b specifies the angle
between a vertical plane containing the solar disk and a line
running due north.
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Fig. A2. The cosine function describing the ideal solar sensor response to
beam radiation as a function of angle of incidence on the flat sensor
surface, h, for relatively small angles. (h = 0� for solar rays impinging
normal to the flat sensor surface); see Eq. (2).
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The solar altitude angle (the sun’s elevation with respect
to the horizontal earth’s surface) is the compliment of the
solar zenith angle (the angle between the sun and a line per-
pendicular to the earth’s surface). That is, a = 90� minus
the solar zenith angle. The solar-collector tilt angle when
the collector is pointing directly toward the sun is equal
to H, the solar zenith angle. The maximum solar altitude
angle on a given day in the Northern Hemisphere occurs
at solar noon, when the sun is directly south (i.e.,
b = 180�). On a sunny, cloud-free day, this will be the time
of maximum solar irradiance (units of kW m�2). A 2-axis
PV tracking system orients PV modules so that they remain
perpendicular to the sun’s direct rays as the angles a and b
change throughout the daylight period from sunrise to sun-
set at any given site.

A.1. Analysis of the cosine response to beam solar irradiance

Fig. A2 shows a plot of the cosine function over a range
of angles from 0� to 30�; this is often referred to as the the-
oretical incidence angle modifier for beam solar radiation.
Notice that at an angle of 10�, the cosine function has a
value of 0.985, and at 20� the value is 0.94. Thus, if beam
solar radiation is impinging on a flat surface at an angle of
10� with that surface, the flux will be decreased by 1.5% rel-
ative to a solar ray that is normal to the surface according to
the cosine response law (Eq. (2)) for beam solar radiation.
For the data used in this report, at solar noon one of the four
Li-COR sensors was normal to the sun’s beam rays, with an
angular error of less than 8�. Thus, one of the arrays was
very close to a DTS condition. That is, as long as we are
within about 10� of the 2-axis solar tracking angle, we will
be close to the 2-axis (no cosine loss) value.
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