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Report Details
Choose any of the solar stations, but take your measurements only when the short circuit current

is at least 3.5A. The weather forecast from www.weatherunderground.com can help you plan
your schedule.

Your report should include graphs of I versus V, and P versus V. Both actual data and Excel
approximations should be plotted together. When plotting with Excel, be sure to use the “scatter
plot” option so that the non-uniform spacing between voltage points on the x-axis show
correctly. You should also work out numerical values for Equations (1) — (10) for the day and
time of your measurements.

Overview

Incident sunlight can be converted into electricity by photovoltaic conversion using a solar panel.
A solar panel consists of individual cells that are large-area semiconductor diodes, constructed so
that light can penetrate into the region of the p-n junction. The junction formed between the n-
type silicon wafer and the p-type surface layer governs the diode characteristics as well as the
photovoltaic effect. Light is absorbed in the silicon, generating both excess holes and electrons.
These excess charges can flow through an external circuit to produce power.

Photons
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Junction v (e.g., battery,
lights)
-tvpe +
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g
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Figure 1. Equivalent Circuit of a Solar Cell

Diode current A(e BV _ I) comes from the standard I-V equation for a diode, plotted above.
From Figure 1, it is clear that the current I that flows to the external circuit is
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I =1g —Ae BV _ 1). If the solar cell is open circuited, then all of the |5, flows through the

diode and produces an open circuit voltage of about 0.5-0.6V. If the solar cell is short circuited,
then no current flows through the diode, and all of the |4, flows through the short circuit.

Since the V¢ for one cell is approximately 0.5-0.6V, then individual cells are connected in

series as a “solar panel” to produce more usable voltage and power output levels. Most solar
panels are made to charge 12V batteries and consist of 36 individual cells (or units) in series to
yield panel V. = 18-20V. The voltage for maximum panel power output is usually about 16-

17V. Each 0.5-0.6V series unit can contain a number of individual cells in parallel, thereby
increasing the total panel surface area and power generating capability.

I 4 1=l —Ae B 1), where A, B, and especially Igc vary with solar insolation

Increasing

I solar insolation
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I

power point

P

max :lem

Figure 2. 1-V Characteristics of Solar Panel

On a clear day, direct normal solar insolation (i.e., incident solar energy) is approximately

1kW /m? . Since solar panel efficiencies are approximately 14%, a solar panel will produce
about 140W per square meter of surface area when facing a bright sun. High temperatures
reduce panel efficiency. For 24/7 power availability, solar power must be stored in deep-
discharge batteries that contain enough energy to power the load through the nighttime and
overcast days. On good solar days in Austin, you can count on solar panels producing about
1kWH of energy per square meter.

An everyday use of solar power is often seen in school zone and other LED flashing signs, where
TxDOT and municipal governments find them economical when conventional electric service is
not readily available or when the monthly minimum electric fees are large compared to the
monthly kWH used. Look for solar panels on top of these signs, and also note their orientation.
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The Solar Panels on ENS Rooftop
The ENS rooftop is equipped with six pairs of commercial “12V class” panels, plus one larger
“24V class” commercial panel. The panels are:

three pair of British Petroleum BP585, (mono-crystalline silicon, laser grooved, each
panel 85W, voltage at maximum power = 18.0V, current at maximum power = 4.7A,
open circuit voltage = 22.3V, short circuit current = 5.0A). These three pairs are
connected to ENS212 stations 17, 18, and 19.

two pair of Solarex SX85U (now BP Solar) (polycrystalline silicon, each panel 85W,
voltage at maximum power = 17.1V, current at maximum power = 5.0A, open circuit
voltage = 21.3V, short circuit current = 5.3A). These two pairs are connected to ENS212
stations 15 and 16.

one pair of Photowatt PW750-80 (multi-crystalline cells, each panel 80W, voltage at
maximum power = 17.3V, current at maximum power = 4.6A, open circuit voltage =
21.9V, short circuit current = 5.0A). This pair is connected to ENS212 station 21.

one British Petroleum BP3150U, 150W panel (multicrystalline), open circuit voltage =
43.5V, short circuit current = 4.5A. This is connected to ENS212 station 20.

Each of the seven stations is wired to ENS212 and has an open circuit voltage of approximately
40V and a short circuit current of approximately SA. The I-V and P-V characteristics for one of
the panel pairs is shown in Figure 3. The I-V curve fit equation for Figure 3 is

(V) = 5.34-0.00524e 177V _1).

Page 3 of 32



Solar Power Experiment and Equations Mack Grady January 25 2013.doc
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Figure 3. I-V and P-V Characteristics for One of the Panel Pairs
(data points taken by loading the panel pair with a variable load resistor)

Maximum Power
As seen in bottom figure of Figure 3, panels have a maximum power point. Maximum power
corresponds to Vi, and Iy, in Figure 2. Because solar power is relatively expensive (approx. $4-

5 per watt for the panels, plus the same amount for batteries and electronics), it is important to
operate panels at their maximum power conditions. Unfortunately, Vi, Ii, and the Thevenin
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equivalent resistance vary with light level. DC-DC converters are often used to “match” the load
resistance to the Thevenin equivalent resistance of the panel to maximize the power drawn from
the panel. These “smart” converters (often referred to as “tracking converters”) also charge the
storage batteries in such a way as to maximize battery life.

Sun Position, Panel Orientation, and PV Harvest Prediction — The Big 10 Equations
Ideally, a solar panel should track the sun so that the incident solar rays are perpendicular to the
panel surface, thus maximizing the capture of solar energy. However, because of high wind
loads, most panels are fixed in position. Often, panel tilt (with respect to horizontal) is adjusted
seasonally. Orientation of fixed panels should be carefully chosen to capture the most energy for
the year, or for a season.

The position of the sun in the sky varies dramatically with hour and season. Sun zenith angle

zenith - . . : azimuth - :
Osun  1s expressed in degrees from vertical. Sun azimuth ¢g is expressed in degrees

from true north. Sun zenith and azimuth angles are illustrated in Figure 4.

vAg .
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Note — because of magnetic declination,
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Figure 4. Sun Zenith and Azimuth Angles

Sun position angles are available in many references, and with different levels of complexity.
Some of the following equations were taken from the University of Oregon Solar Radiation
Monitoring Laboratory (http://solardat.uoregon.edu/SolarRadiationBasics.html):

Sun declination angle (in degrees) is FirstDayof | n | FirstDayof | n
January 1 July 182+
& = 23.45sin(B), where February | 32 | August | 213+
360 March 60+ | September | 244+
B =——(n—-281) degrees, and April 91+ October 274+
365 . May 121+ | November | 305+
n =day of year (i.e., 1,2,3, ... , 364,365). (1) June 152+ | December | 335+

+add 1 for leap years
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Equation of time (in decimal minutes) is
Eqt =9.87sin(2B) - 7.53cos(B) — 1.5sin(B). (2)
Solar time (in decimal hours) is

eq + (LongitUdetimezone — Longitudegcyy ) (3)
60 15 ’

Tsolar = Tiocal +

where

® Tigcal 1s local standard time in decimal hours,

e Longitudemezone is the longitude at the eastern edge of the time zone (e.g., 90° for
Central Standard Time).

(Note — in the Solar Data Analyzer Excel spreadsheet program,
(Longitudeimezone — LoNgitudeyey ) is entered as “Longitude shift (deg).” At Austin,

with Longitude)oeq = 97.74°, the longitude shift is (90° —97.74°) = —7.74° .
Hour angle (in degrees) is
H=150(12-Teop ). (4)
Cosine of the zenith angle is
cos(@szfr?ith ): sin(L) sin(o) + cos(L) cos(d) cos(H) , (5)
where L is the latitude of the location.

Solar azimuth comes from the following calculations. Using the formulas for solar radiation
on tilted surfaces, consider vertical surfaces directed east and south. The fraction of direct
component of solar radiation on an east-facing vertical surface is

fyg = cos(8)sin(H). (6)
The fraction of direct component of solar radiation on a south-facing vertical surface is

fys = —sin(S) cos(L) + cos(8)sin(L) cos(H). (7)
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Equations (6) and (7) correspond to the projections, on the horizontal plane, of a vector pointing

toward the sun. By examining Figure 4, ¢§J2,i1mmh can be found as follows:

i - — f
If fyg 20, ¢;iuzrl]mum —cos || —YS degrees,

2 2
v Ve + s

- f
If fyg <0, ¢Sauzr|]muth =180+cos || ——¥5 | degrees. (8)

2 2
V Ve + fys

As a check, all components of the sun radiation should account for the total, i.e.

\/fVZE + fvzs +cos® (eszﬁr’:“h ) =1.
Ilustrations of seasonal and daily sun positions for Austin are shown in Figures 5a and 5b.

An example of the step-by-step calculations for 3pm (i.e., 15.00 decimal hours) on October 25"
in Austin follows.

Input n = 298" day
Compute B =214.0°
Compute o=-13.11°
Compute Eqt =16.21 decimal minutes
Input Longitude = 97.74°
Input Longitude shift= —7.74°
Input Tiocal =15.00 decimal hours
Compute Tsolar =14.75 decimal hours
Compute H=-41.25°
Input Latitude (L) = 30.29°
. output
Compute eszljelqlth —58.81° «—
Compute fye = —0.6421
Compute fys =0.5651
output
Compute Sz‘auzri]muth _2087° «—
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Solar Zenith versus Azimuth at Austin
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Figure 5a. Sun Position for Winter and Spring Seasons in Austin
(note — solar noon in Austin occurs at approximately 12:30pm CST)
Solar Zenith versus Azimuth at Austin
22nd Day of Jun, Jly, Aug, Sep, Oct, Nov, Dec
(Sun hrs/day. Jun=13.9,Jly=13.6,Aug=12.8,Sep=12.0,0ct=11.0,Nov=10.3,Dec=10.0)
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Figure 5b. Sun Position for Summer and Fall Seasons in Austin
(note — solar noon in Austin occurs at approximately 12:30pm CST)
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Definitions from www.weatherground.com

Twilight

This is the time before sunrise and after sunset where it is still light
outside, but the sun is not in the sky.

Civil Twilight

This is defined to be the time period when the sun is no more than 6
degrees below the horizon at either sunrise or sunset. The horizon should
be clearly defined and the brightest stars should be visible under good
atmospheric conditions (i.e. no moonlight, or other lights). One still should
be able to carry on ordinary outdoor activities.

Nautical
Twilight

This is defined to be the time period when the sun is between 6 and 12
degrees below the horizon at either sunrise or sunset. The horizon is not
defined and the outline of objects might be visible without artificial light.
Ordinary outdoor activities are not possible at this time without extra
illumination.

Astronomical
Twilight

This is defined to be the time period when the sun is between 12 and 18
degrees below the horizon at either sunrise or sunset. The sun does not
contribute to the illumination of the sky before this time in the morning, or
after this time in the evening. In the beginning of morning astronomical
twilight and at the end of astronomical twilight in the evening, sky
illumination is very faint, and might be undetectable.

Length Of Day

This is defined to be the time of Actual Sunset minus the time of Actual
Sunrise. The change in length of daylight between today and tomorrow is
also listed when available.

Length Of This is defined to be the time of Civil Sunset minus the time of Civil

Visible Light Sunrise.

Altitude (or First, find your azimuth. Next, the Altitude (or elevation) is the angle

Elevation) between the Earth's surface (horizon) and the sun, or object in the sky.
Altitudes range from -90° (straight down below the horizon, or the nadir)
to +90° (straight up above the horizon or the Zenith) and 0° straight at the
horizon.

Azimuth The azimuth (az) angle is the compass bearing, relative to true

(geographic) north, of a point on the horizon directly beneath the sun. The
horizon is defined as an imaginary circle centered on the observer. This is
the 2-D, or Earth's surface, part of calculating the sun's position. As seen
from above the observer, these compass bearings are measured clockwise
in degrees from north. Azimuth angles can range from 0 - 359°. 0° is due
geographic north, 90° due east, 180° due south, and 360 due north again.
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Hour Angle of
the Sun

The Solar Hour Angle of the Sun for any local location on the Earth is
zero® when the sun is straight overhead, at the zenith, and negative before
local solar noon and positive after solar noon. In one 24-hour period, the
Solar Hour Angle changes by 360 degrees (i.e. one revolution).

Mean Anomaly

The movement of the Earth around the Sun is an ellipse. However, if the

of the Sun movement of the Earth around the Sun were a circle, it would be easy to
calculate its position. Since, the Earth moves around the sun about one
degree per day, (in fact, it's 1/365.25 of the circle), we say the Mean
Anomaly of the Sun is the position of the Earth along this circular path.
The True Anomaly of the Sun is the position along its real elliptical path.

Obliquity Obliquity is the angle between a planet's equatorial plane and its orbital
plane.

Right The Celestial Sphere is a sphere where we project objects in the sky. We

Ascension of project stars, the moon, and sun, on to this imaginary sphere. The Right

the Sun Ascension of the Sun is the position of the sun on our Celestial Sphere

Solar Noon Solar Time is based on the motion of the sun around the Earth. The

(and Solar apparent sun's motion, and position in the sky, can vary due to a few things

Time) such as: the elliptical orbits of the Earth and Sun, the inclination of the axis
of the Earth's rotation, the perturbations of the moon and other planets, and
of course, your latitude and longitude of observation. Solar Noon is when
the sun is at the highest in the sky, and is defined when the Hour Angle is
0°. Solar Noon is also the midpoint between Sunrise and Sunset.

Sun The Declination of the sun is how many degrees North (positive) or South

Declination (negative) of the equator that the sun is when viewed from the center of the

earth. The range of the declination of the sun ranges from approximately
+23.5° (North) in June to -23.5° (South) in December.
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Panel Orientation and Solar Incident Angle

Unless there are obstructions, panels should face due south (i.e., have an azimuth angle of 180°).
Recommended panel tilt angles (above horizontal) are latitude + 15° in winter, and latitude — 15°
in summer. In Austin, with latitude = 30°, these recommendations correspond to 45° in winter,
and 15° in summer. If no seasonal adjustments are made, then the best fixed panel tilt angle is
latitude (i.e., 30° in Austin). The tilt angles of our panels are adjusted twice each year, at the

spring and fall equinoxes. Our tilt angles are 20° in summer, and 459 in winter.

o+ Line perpendicular to horizontal plane

Line perpendicular to panel surface
<— Edge of panel

Horizontal plane

Figure 6. Panel Tilt Angle
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All panels atop ENS have azimuth angle = 190°

View Facing Front of ENS Panels (i.e., looking toward north)

(Note — areas shown are for individual panels, so for a pair, double the values shown)
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The angle between the rays of the sun and a vector perpendicular to the panel surface is known
as the angle of incidence ( SBincident )- The cosine of Bincigent 18 found by first expressing a unit

vector pointed toward the sun, and a unit vector perpendicular to the panel surface, and then
taking the dot product of the two unit vectors. When cos(Sjncident) =1, then the sun’s rays are

perpendicular to the panel surface, so that maximum incident solar energy is captured. The
expressions follow.

Considering Figure 4, the unit vector pointed toward the sun is
A . pzenith azimuth [s - pzenith _.  azimuth |5 zenith |s
dgyn = lsm Osun €OSPgn x T [sm Osun SIndgin Jay - [cos Osun Jaz .
Considering Figure 6, the unit vector perpendicular to the panel surface is

It

. R azimuth |5 [ tilt . azimuthJé _l tilt ]a
a panel _[Smepanel COS¢pane| X+Sm0panel Sln(Iﬁpanel y COSepanel z

The dot product of the two unit vectors is then

A A . nzenith azimuth _.  Htilt azimuth
08 Sincident = asun ®a panel = |_sm Osun  €OSdgun s1n6pane| cos ¢pane|

. pzenith . azimuth . tilt . a&zimuth [ zenith tilt
+[smt95un sin @ n Smgpanel Sm¢panel +|cos Ogyn Cosepanel'

Combining terms yields

tilt azimuth azimuth azimuth azimuth

. pzenith _. . .
¢0S Bincident = Sin fgun Smgpanel coS dsun Cos¢panel + sin @ Sm¢pane|

tilt
panel -

+ cos Qszﬁr?'th cos

Simplifying the above equation yields the general case,

. pzenith . Atilt azimuth azimuth zenith tilt
oS Bincident = Sin Ogyn Smepanel cos( SN _¢panel )+cosé’sun Cosepanel' (9)

Some special cases are

. tilt
1. Flat panel (i.e., epanel =0). Then,

zenith
08 Sincident = €08 Ogyn

2. Sun directly overhead (i.e., egggith =0). Then,
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tilt
Cosﬂincident = COS@pane] :

3. Equal azimuth angles (i.e., azimuth tracking, :?uzri]muth = ¢azimuth ). Then,

panel
008 Birciceny = sin 022NN gin ptIt ¢ gaenith o ptilt Cos(ezenith _ptilt )
incident = sun pane| sun pane| - sun pane| :
4. Sun zenith angle equals panel tilt angle (i.e., zenith tracking, HSZSR'th = nglafnel ). Then,
. 2 pzenith azimuth azimuth 2 pzenith
08 Sincident = Sin~ Ogyn COS( sun _¢panel )"‘COS Osun

To illustrate the general case, consider the following example: 3pm (standard time) in Austin on
October 25. The sun position is

Gomuth — 228.7°, O = 58.8°, s0 that dgyy = —0.5654, —0.6434, —0.5174,
and the panel angles are
PRAMI™ = 190°, G5h ¢ = 45°, 50 that & pane) = ~0.6964, —0.12284,, —0.7074, .
Evaluating the dot product yields cos Bincident = 0-838, 50 Bincident = 33-1°.

Solar Radiation Measurements

The three most important solar radiation measurements for studying solar panel performance are
global horizontal (GH), diffuse horizontal (DH), and direct normal (DN). GH is “entire sky,”
including the sun disk, looking straight up. DH is “entire sky,” excluding the sun disk, looking

straight up. DN is facing directly toward the sun. The units for GH, DH, and DN are W/m?2.

The direct measurement of DN requires a sun tracking device. The Sci Tek 2AP tracker takes
DN, GH, and DH readings every five minutes using three separate thermocouple sensors. The
DN sensor tracks and sees only the disk of the sun. The GH sensor points straight up and sees
the entire sky with sun disk. The DH sensor points straight up, but a shadow ball blocks the disk
of the sun, so that it sees entire sky minus sun disk.

Rotating shadowband pyranometers use one PV sensor, pointed straight up, to measure GH and
DH every minute, and then save average values every 5 minutes. Once per minute, the shadow
band swings over, and when the shadow falls on the sensor, the DH reading is taken. Using GH
and DH, the rotating shadow-band pyranometer estimates DN.
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Rotating Shadowband Pyranometers

Rotating shadow band pyranometers are simple in that they do not track the sun. Instead, they
merely rotate a shadow band every minute across the PV sensor. When there is no shadow on
the sensor, the sensor reads GH. When the shadow falls on the sensor, the sensor reads DH.

Computing Incident Solar Power on a Panel Surface

To compute the incident solar power on a panel surface, we assume that the panel captures all of
the diffuse horizontal (DH) power, plus the fraction of (GH — DH) that is perpendicular to the
panel surface.

(GH -DH)

COS(QSZSRith) * co8(Bincident ) W/m2. (10)

Pincident = DH +

The above value, in W/m2, is then multiplied by the panel surface area to yield total incident
solar power Pincident - Multiplying by panel efficiency yields maximum expected electrical

power output.

Because panels are rated at 1kwW/mz2, (10) is also the estimated panel W output per kW
rated. Integrate over all hours of the day and divide by 1000, and you get estimated KWH
output per KW rated (i.e., the PV daily harvest).

To avoid serious overcorrection when the sun is near the horizon, ignore the cos(é?szlfr?'th) term

when HSZSRith > 85°. For the 3pm, October 25™ example, the readings are GH = 535W / m?, and
DH =38W /m?,
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(535 -38)

o _ 2

Pincident = {38 +

which means that a PV panel or array would produce 844 W per kW rated power.

Licor GH
(inexpensive
backup)

NREL Sci Tec Two-Axis Tracker
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Computing Sunrise and Sunset Times

To reduce the volume of data stored and processed, it is best to start and stop solar data loggers
just before sunrise and just after sunset. I developed the following empirical formulas for sunrise
and sunset, which are applicable to north latitudes 25° through 45°. The worst-case error is 6
minutes. To take into account the error and the fact that the formulas apply to the situation
where one-half of the sun is above the horizon, start/stop 15 minutes before/after the computed
values.

27 ¢« DOY +Crise 07Z'j+D.Sin(47Z'O DOY E-;zj,

Sunrise = Ayjse + B ®sin
365 180 365 180

where Sunrise is the decimal minute of the day at the eastern edge of the time zone, and
DOY is day of the year (1 through 365, ignore leap year),
Arise=360, Cise=94, D=9.0, E=20.1,
B =B(+BeL +B,eL?, where L is latitude north,
By=21.3, B;=0.07, B,=0.0371.

Sunset follows the same formula, but replace Arjse With Aget, and Cjse With C g, where
Aset =Arise 7720 , C 56t =C rige—168.

To correct for locations west of the eastern edge, recall that the sun moves 15 degrees of
longitude in one hour, which corresponds to 4 minutes delay per degree of longitude.
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Master’s Clear Sky Equations

The Master’s textbook, G. M. Masters, Renewable and Efficient Electric Power Systems, John
Wiley & Sons, 2004, gives a set of equations knows as “clear sky” equations. These equations
predict solar intensity for cloudless, very clear days that are common in West Texas, especially
in winter. They have proven very useful for checking the reasonableness of measured data on
very clear days, and for giving “best case” daily harvest predictions. The twelve steps for
predicting the incident solar energy on a solar panel for a given day and time is given here. And,
given a year of actual data, it is possible to adjust the variables of these equations to account for
the local atmosphere.

1. Extraterrestrial Solar Insolation Iy (Just outside Earth’s atmosphere)

[Master’s 7.20, Solar Data Analyzer Col. N] N Approx.
360N , Value of
lj=SCe {1 +0.034 cos( )} W/m” , where Bracketed
365 Term
SC (solar constant) = 1.377 kW/ m’. 1 1 +0.034
N = Day of Year, 90 1
Note from the table: | is max in winter, min in 180 1-0.034
summer, nominal at equinoxes, and has 6.8% peak- 270 1
to-peak variation. 365 1 +0.034

The above equation is not actually used in the
following Clear Sky predictions.

2. Air Mass Ratio m (relative atmosphere travel distance to reach Earth’s surface)
[Master’s 7.4, Solar Data Analyzer Col. O]
1

sun
cos(ezenith )

m =

3. Apparent Extraterrestrial Flux A
[Master’s 7.22, Solar_Data_Analyzer Col. P]

360 N Approx.
A=1160+75e sin{—(N - 275)} W/m?, Value of
365 I Second term
or in general form, 1 74
3 . 1360 2 90 3
A=A+A os1n[365(N NA)} W/m”, 180 KT
where 270 6
365 75

Note from the table: A is max in winter, min in summ
12.9% peak-to-peak variation

4. Optical Depth k
[Master’s 7.23, Solar Data Analyzer Col. Q]

Page 18 of 32



Solar Power Experiment and Equations Mack Grady January 25 2013.doc

k=0.174+0.035 esin ﬂ(n —-100) |,
365
or in general form

360
k=K;+K,esinl —(N-N
1+ Ky [365( K)}

5. Beam Reaching Earth Ig
[Master’s 7.21, Solar_Data_Analyzer Col. R]

Ig = Ae ™ W/m’

6. Sky Diffuse Factor C
[Master’s 7.28, Solar Data Analyzer Col. S]

C =0.095+0.04 e sin @(n —-100) |,
365
or in general form,

360
C=C;+C, esinl — (N —-N
1+Cy {365( c)}

7. Diffuse Radiation on Horizontal Surface Ipy
[Master’s 7.27, Solar_Data_Analyzer Col. T]
Ipy =Celg W/m’

8. Beam Normal to a Panel lgc
[Master’s 7.24, Solar Data Analyzer Col. U]

2
Isc = I ®cos(Bincident) W/m
9. Beam on Horizontal Surface lgy

[Master’s 7.25, Solar Data Analyzer Col. V]

sun 2
IgH = 1B ®cos(O,4pnit,) W/m

10. Diffuse Radiation on Panel Ipc
[Master’s 7.29, Solar Data Analyzer Col. W]

1+ cos Gtﬁ?nel 5
Ipc =IpH — W/m

11. Reflected on Panel Irc (from the ground and surrounding objects)
[Master’s 7.30, Solar Data Analyzer Col. X]

1 - cos @,Pane!
Irc =pe(lgn +1pH)e + W/m?,

where ground reflectance p is typically 0.2, but can be as large as 0.8 for fresh snow.
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12. Total Clear Sky Insolation on Panel I¢
[Master’s 7.32, Solar Data Analyzer Col. Y]

lc =lgc +Ipc + lgc W/m®

The Experiment

Your assignment is to measure the I-V and P-V characteristics of a solar panel pair, plot the
points, determine maximum power, estimate panel efficiency, and use the Excel Solver to
approximate the -V and P-V curves using

I =1g —AEBY -1), P=VI =V -[lsc ~ AeBY —1)],

where the Solver estimates coefficients Ig., A, and B from your measured I-V data set. See the
Appendix for a description of the Excel Solver.

Experimental Procedure
You will need about 30 minutes to take the experimental data. Go to an available panel
station, and check the short circuit current. Take your measurements when the short circuit
current is at least 3.5A (try for a sunny day, between 11:30am and 1:30pm. CDT (corresponding
to solar noon, plus or minus 1 hour). (Note - weather site www.weatherunderground.com can
help you make your plans for upcoming days.) Then, using the voltage at the panel (i.e., the
left-most meter in the yellow solar panel interface box), and the panel ammeter (the right-
most meter), perform the following steps given below, recording and plotting your data on the
experimental form and on the graph as you go:

Voltage at Voltage at lab Current
solar panel bench
(don’t record)
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Form and Graph for Recording and Plotting Your Readings as You Take Them
(have this page signed by Dr. Grady before beginning your report)

Panel Station = Date and Time of Measurements= , Sky Conditions =
o Ipanel )

Voc = Open circuit condition
~2V spacing
for V>25V
~5V spacing
for V<25V

Ige = Short Circuit Condition

* Vpanel (I.€., at the panel) is the left-most meter in the yellow interface box, and Ipape] is the

right-most meter.

6A

SA

4A

3A

2A

1A

0A

ov

10V

20V 30V
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Steps
Measure the panel pair’s open circuit voltage, and record in the table and on the
graph. The current is zero for this case.
Short the output terminals with one of the red shorting bar or with a wire. Measure
the short circuit current and panel pair voltage. Record both and add the point to your
graph. The panel voltage will be small for this condition.
Connect one of the “solar testers” (i.e., the heavy-duty variable resistor boxes with the
large knobs) to the panel pair output terminals. You will use the variable rheostat and
switch to sweep the entire I-V curve.

BEERR TEcTER el

Beginning with the near open circuit condition, (i.e., maximum resistance), lower the
solar tester resistance so that the panel pair voltage decreases from open circuit
toward zero in steps of approximately 2V between 25-40V, and in 5V steps below
25V. Record panel pair voltage and current at each step, and hand plot I versus V
results as you go. If your points do not form a smooth curve, you may want to retake
the outliers. Cloud movement can cause these variations.

The laboratory measurement portion of the experiment is now completed. Your graph should
be fairly smooth and free of outlying points. You can now leave the lab bench.

Next, you will

5.

Download Excel file PV_Plots_Solver.xls from the course web page, and then enter
your V and I values in Excel. Modify the plot command so that all the data for your
experiment will be plotted. Plot I versus V points, and P =V ¢ I versus V points
using the “scatter plot” option.

Visually estimate Vi, Iy, and Pjpax (i.€., peak power conditions) from your plots.

Use the Excel Solver to compute coefficients Ig¢, A, and B from your I-V data.
Modify the Solver command so that all your data will be included in the calculations.
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Superimpose the Solver equations on the I-V and P-V graphs of Step 5. See the
Appendix for Solver instructions. Use your Solver graph to estimate Py ax.

Now, use the following steps to estimate panel pair efficiency:

8. Go to the class web page and download the Excel spreadsheet and solar data files
Solar_Data_Analyzer .xls, and
SOLAR_DATA_through_XXX.zip, (XXX is the last data day in the zip)

Note — the 1-minute data averages are recorded by a shadow band tracker atop ETC
and are updated daily on the web page while EE462L is being taught.

9. Display the data for your day (note — these data are given in Central Standard Time).

10. For the minute that best represents your time of measurements, work through the Big
10 equations.

11. Compare your Big 10 equations to the Solar Data Analyzer spreadsheet values for
your day/minute (see Appendix B).

12. For your day, use the Solar Data Analyzer spreadsheet as demonstrated in class to

predict Method 1 daily kWh per installed kW for

o for fixed panel azimuth = 180, and panel tilts 20, 30, and 40 degrees,
e for single axis tracking, azimuth = 180, tilt = 20 and 30,

e for two-axis tracking.

Interpret and comment on the results.
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Appendix A: Using the Excel Solver to Curve-Fit Measured Data

The Excel Solver is not part of the “Typical User” installation. Check to see if the Solver is
activated in your Excel installation by selecting “Tools,” and then “Add-Ins.” If Solver is
checked, it is ready for use. Otherwise, check “Solver Add-In,” and Excel will guide you
through the steps. It will probably be necessary to insert your Excel installation CD rom.

add-Ins available:

2=

[ &nalysis ToolPak - YBA :I oK I
[ Autosave Add-in
[~ Caonditional Sumn Wizard P |
[~ Euro Currency Tools
[ Internet Assistant YEA |
E
[~ Lookup Wizard Srowse
[~ M5 Query Add-in
[~ ODBC Add-in
I Repart Manager
v -
olver Add-in

Tool For optimization and equation solving

To use Solver, refer to the following page. Enter your V and I data, and establish cells for I
equation coefficients Isc, A, and B. Then, key-in the I equation shown previously to form a
column of predicted currents, linking each cell to the Isc, A, and B cells. Next, establish a
column of squared errors for current, and then one cell with sum of squared errors.

Add
rOWS SO
you can
enter all

your

data
points

Coefficients of I Equation

N
PV Station 13 Isc= 5.340E+00
A= 5.232E-03
B= 1.778E-01
Vpanel I | equation (I error)?2  Ppanel = VI
39 0 -1.837E-02  0.000337 0.0
35 2.65 2.711E+00 0.003701 92.8
30 4.3 4.262E+00 0.001448 129.0
25 4.95 4.900E+00 0.002531 123.8
20 5.15 5.162E+00  0.000142 103.0
4 53| 5.334E+00 0.001179 21.2
/ £.0.009338 "
Currents T ..
Predicted by I Sum of Squared Individual —
Equation Errors Squared Errors—

Page 24 of 32



Solar Power Experiment and Equations Mack Grady January 25 2013.doc

Now, under “Tools,” select “Solver.” The following window will appear. Enter your “Target
Cell” (the sum of squared errors cell), plus the “Changing Cells” that correspond to Isc, A, and
B. Itis for your starting values for Ig¢, A, and B are reasonable. You should probably use

the A and B values shown above as your starting point. Use your own measured short
circuit current for Ig.

solver Parameters

Set Target Cell: %k Solve I

Equal Ta: CMax Mo O Valueof: |0
~Bv Changing Cells:

|$F$1 §F4$3 5| GUess

—Subject to the Constraints:

dd

Change

fhk b

- Delete

__ptions_|
Reset Al |
_ e |

Help

Be sure to request “Min” to minimize the error, and then click “Solve.”

Solver Found a solution, Al constraints and opkimality

conditions are satisfied, Reparts
Aniswer ]
% feep Solver Solution ' Sensitivity
Lirnits
" Restore Criginal Values ;I

Ik I Zancel | Save SCenario. . I Help |

If successful, click “OK” and then plot your measured I, and your estimated I, versus V to make
a visual comparison between the measured and estimated currents. Use the scatter plot option to
maintain proper spacing between voltage points on the x-axis.

If unsuccessful when curve fitting, try changing Ig., A, or B, and re-try.
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Appendix B: Daily Analysis of Solar Radiation Data Taken by Rotating Shadow Band
Radiometers, Using Solar_Data_Analyzer.xIsm Spreadsheet

Put the daily data files (unzipped) and spreadsheet in a directory named C:\SOLAR DATA, and
then
e Double-click on Solar Data Analyzer 130123.xIsm. Enable macros (you can trust
me!)
e In order to speed up execution, pull up the bottom of the spreadsheet screen so that
the graphs are hidden. If the graphs are displayed during execution, they will be
continually updated as solar data files are read, which slows down execution.

-ee Selar_Data_fnalyoes 130124 shim - Migrersolt Excel
Home  bset  Pagelayout  Fesmulss  Dats  Redew  View  Awobal  Team =

« 1 e I

E12 - o | Degrees v

A B = ] E F G H | 3 K L M N o F a R s =
1 1. For faster asapt Tmmute data | Trackng Wemod | Meas. 6H | Clear Sky PalPa Calc. Method 1| Meas. A Cloar Sky  Clear Sky  Cloar Sky  Clear Skyl
2 2. 15 best 1o not re-save this spreadshest in case you have accidenty oty 0= Hone EWHmE KWHmZ KWHmZ EWHmE Dadly Sun Apparenl  Optical Difuse
3 Year changed some of the cells Imbedded INSArUCons of lormulas, Loop Timer | 1= Singls Ads Oma Day ‘Ona Day Cne Day One Day. 12 flours Extemest Depth Facter ©
4 213 4834TFU 2= Tinonly an 535 453 0.00 Fun i

Weasurement | Weasurement 10 1
and Panel and Panal Panal Tit Panel Az Clear Sky GH Master's Master's Eq Master's Eq Master's E
5 Dapof¥ear Lattude | Longhude Shit Panel Tis | Panelz | Sweep Sweep |3 = Sun Following|  One Day ] EqT3 (723 T2 (7.28)
6 19 3155 741 0 180 ] 408 A a1
7 BAYLOR_SOLAR_2013_015_1AN4_19 dal e Sky[ 180
n Tolae bire Tonmve | Sunsel | Sunnse Tolar oo N | o P
dechnation | Equation of | comection | Howrs of | (cock | (clock | (docimal | Sumdse | (decimal clock | Solar Mooa bsters  vasaton
8 angie time (mins) (hours) sun time) time) hour)  |(decimal hour) time) (clock time) F | )4 Az K1 1
Incident
Angls for o Boam

9 -20.54 -10.68 D6 1022 e 1746 753 wn 1265 1239 Sun this 0174 Reaching 009% o
W oATh W Man Sheet TJ - [« [
k. aHDE w0 =) +

e Press “Execute” in the top left corner, and the program interface will appear

— Read Solar Radiation Data ———————— [ Single Day Analysis ————  Motes - The program passes information
. to the spreadsheet, which performs the
Path I Proceed Without Logger Data Clock Sunrise Clock Sunset calculations. Whenlﬁnished, use the
I C:\SOLAR_DATA I I STOP PROGRAM button so that the files
are properly dosed.
File Mames (1 minute data spacdng only) Decimal Sunrise  Decimal Sunset
{* BAYLOR SOLAR.dat I I Expected kWh per installed kW of solar

panels is the same as the kwh/m2 values

" TOYAH_SOLAR.dat kwh/m2 shown here,
" SARAGOSA_SOLAR.dat Clear Sky l— |
Insert Year and Day (001 for Jan. : Method 1 l— S
273 for Sept. 30, etc.) _ Start Day Stop Day N
I I 2013 I Q01 Licor_PA I l—'- - l— - I
File Name (before above year/day is inserted) Clintoop [ Endloop ;

i I BAYLOR SOLAR.dat Sweep Panel Angles
Tilt Start Tilt Stop Tilt Stepsize - Deg
| READ |0 |60 s Cw s I
— Parameters Azimuth Start  Azimuth Stop Azimuth Stepsize - Deg
Longitude I 90 I 270 C s Fw (s (l
Latitude Shift Panel Tilt Panel Azimuth

| [a [ = 180 RUN SWEEP | |

— Tracking

First Two Lines Read from Solar Radiation Data File

Last Two Lines Read from Solar Radiation Data File

Messages and Errors

5TOP
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Select the station (e.g., BAYLOR SOLAR)
e Insert the year, and then day of year (three digits) in the day box

Click "READ".

The spreadsheet is slow to read the day, perhaps 2-minues, because it is building
graphs that describe the day and predict solar panel performance with fixed, single-
axis, and double-axis tracking. When the spreadsheet is actually reading the data file,
you will see minute-by-minute updates in the green boxes near the top of Column J.

e Once the program has finished reading the day, you will see the green “OK” light and
the fields in the “Single Day Analysis” box will be populated.

Solar_Data_Analyzer. Prof. Mack —5 J

— Read Solar Radiation Data

— Single Day Analysis

Motes - The program passes information
to the spreadsheet, which performs the

Path I™ Proceed Without Logger Data Clodk Sunrise Clock Sunset calculations. When finished, use the
I C:\SOLAR_DATA I 0732 I 1745 STOP PROGRAM button so that the files
= are properly dosed.
— File Mames (1 minute data spacing only) — Dedmal Sunrise  Dedmal Sunset
{* BAYLOR SOLAR.dat I 07.53 I 17.77 Expected kWh per installed kW of solar
- panels iz the same azs the kWh/m2 values
:. TOYAH_SOLAR.dat kWh/m2 shown here,
SARAGOSA_SOLAR.dat Clear Sky W
Insert Year and Day (001 for Jan. : Method 1 Loop
273 for Sept. 30, etc.) | 4.53
I— Licor PA .00 Start Day Stop Day
| 2013 019 - .
| 019 | 019
| File Mame {(before above year/day is inserted) Mintoop [T EndLoop
I BAYLOR SOLAR.da — Sweep Panel Angles
Tilt Start Tilt Stop — Tilt Stepsize - Deg
EA I oK
I READ |l:| |6n s W o
— : Azimuth Start  Azimuth Stop [ Azimuth Stepsize - Deg —
i Longitude | s | 270 5 Fw O
I Latitude Shift Panel Tit Panel Azimuth
| 3155 | 711 | i 180 RUN SWEEP |
L — Tracking First Two Lines Read from Solar Radiation Data File
o _ I 139,4,2013,19,702,.057,-.328,.328,.001,-. 328,-. 328,-. 328,0,0,0,0,0,0,54.75,1,1,1,1

| 133,4,2013,13,703,.072,-.328,.328,.002,~. 328,- 328,~655,0,0,0,0,0,0,54.75,2,1,70, 1
Last Two Lines Read from Solar Radiation Data File

I 139,4,2013,19,1814,.159,- 328,.328,3710,-. 327,-~. 327,- 327,0,0,0,0,0,0,54.75,4,1,19,1

Messages and Errors

| 139,4,2013,15,1815,.091,-.325,.328,3710,-.327,-.327,-.327,0,0,0,0,0,0,54.75,8,24,1,1

= lowing oK

S5TOP

Opening File C:\SOLAR_DATA\BAYLOR _SOLAR_2013_019_JAM_19.dat
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e You can click "STOP" to reset, and then start over with a new day.
¢ Print the spreadsheet, black-and-white is OK, which will produce one page that
summarizes the day and also points out any measurement problems

1. For faster sweep execution, minimize the screen hide the graphs. T-minute data | Tracking Method Meas. GH Clear Sky PA | PA Calc. Method 1]  Meas. PA
2. Is best to not re-save this spreadsheet in case you have accidently only 0= None KWHIm2 KWHIm2 KWHIm2 KWH/m2
Year lchanged some of the cells that contain or Loop Timer 1= Single Axis One Day One Day One Day One Day
2013 4:53:47 PM 2= Tik Only a7 6.35 4.53 0.00
MBEW[G’H;:‘ IMBIWIBTHM! Ella
and Pane| Panel Longitude Panel Tilt Clear Sky GH
Day of Year Latitude Shift Panel Tit | Panel Az Sweep | Panel Az Sweep] 3 = Sun Following One Day
19 3155 71 20 180 ) 3.06
[EAYLOR_SOLAR_2013_019_JAN_ 19.dat —
Tolar ime Tunnse | ounsel | Sunnse Tolar Woon
Sun declination] Equation of comection Hours of | ({clock (clock (decimal Sunrise (decimal clock Solar Noon
angle time {mins) (hours) sun time) time) hour) |{decimal hour) time) (clock time)
Incident
Angle for
-20.54 -10.668 -0.65 1022 o732 1748 7.53 17.77 12.65 1238 Sun this
Clear Sky Comparizon for Panel, Lat. 31.55, Long. Shift -T.11 Tracking
a—Clesr Shy ¥ 6.35 WAMIMZ,  emmmmbens PA  ssmmmMess GH Solar Measurements, File BAYLOR_SOLAR.dat
= " el Method
GH s DH P4 GHX
| 1200 —_— . s — Clear Sky F
s .\"\ 1000 'l ] [———
L7 [ 1 | | 200 4
5 B00 ! \ g X 1000
| 600

AT .

6§ 7 & 8 10 11 12 13 14 15 16 17 15 19 20

n N I

Year 2013, Day 19, Tilt 30, Azimuth 180 5 6 7 &8 8 10 11 12 13 14 15 18 17 18 19 N0

Year 2013, Day 19

1] 12 0.200 -0.452 186776  -0876 | 5 8

The example shown above (Baylor, Jan. 19, 2013) is a day with some sun, interrupted by cloud
shadows. Sunny periods are when the measured GH has peaks (purple curve in left graph, black
curve in right graph). Indication of proper shadow band movement is shown where the green
curve (DH) in the right graph is below or borders the black curve (GH). If DH consistently rises
to GH, there is either no measurable sun beam, or the shadow band is stuck.

Keep the prints in a three-ring binder. Also, keep a spreadsheet table that shows for each day the
values of

e Station Name, Year, Day of Year, Month (name), Day of Month, Meas. GH, Clear Sky
GH, Measured PA, Clear Sky PA, PA Calc. Method 1, and

e and a column for observations such as odd events, and any indications of suspect data
such as stuck shadow band or missing values.

More example days follow:
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1. For faster sweep execution, minimize the screen hide the graphs. T-minute data | Tracking Method Meas. GH Clear Sky PA | PA Calc. Method 1]  Meas. PA
2. Is best to not re-save this spreadsheet in case you have only 0= None KWHIm2 KWHIm2 KWHIm2 KWH/m2
Year [changed some of the cells that contain or Loop Timer 1= Single Axis One Day One Day One Day One Day
2013 2:06:53 PM 2= Tik Only 5.4 6.37 741 0.00
Maawrem;:‘ IMB&WIE’HH‘EIII!
and Panel Panel Longitude Panel Tilt Clear Sky GH
Day of Year Latitude Shift Panel Tit | Panel Az. Sweep | Panel Az Sweep] 3 = Sun Following One Day
20 3155 711 30 180 1] 4.09
[EAYLOR_SOLAR _2013_020_JAN, 20 dat —
Tolar ime Sunnse | ounsel | ounnse Tolar Woon
Sun declination] Equation of comection Hours of | (clock (clock (decimal Sunrise (decimal clock Solar Noon
angle time {mins) (hours) sun time) time) hour)  |{decimal hour) time) (clock time)
Incident
Angle for
-20.34 -10.86 -0.66 10.23 0732 1747 7.53 17.78 12,66 1238 Sun this
1T - .
Clear Sky Comparizson for Panel, Lat. 31.55, Long. Shift -7.11 Tracking
—Clear Shy @ 637 MAHITZ, essmblons PA  s——iess GH | Solar Measurements, File BAYLOR_SOLAR.dat
200 = = =l Method
200 GH DH P& GHX
1000 e | 1200 - Clear Sky F
) ___.\"\ 1000 — it Sy = 5
=) . T -\ .
g e 1 1 \ | o \
* " / / \ g 600 . / -
o / / &00
= 400 L
20 o
EED 4 Al V.4 N j o
"5 6 7 B 8 10 11 12 13 14 15 16 17 18 18 20 5 ;; da "\ 400
Year 2013, Day 20, Tilt 30, Azimuth 180 § 6 7 8 0 10 11 12 13 14 15 168 17 18 19 20 -
Year 2013, Day 20 .
o 12 0.200 -0.457 1566.851 -0.675 L M P

Baylor, Jan. 20, 2013
Clear sky conditions. Shadow band stops operating just before 15:00. While not obvious to the
user, the GH, DH readings are about 20% high because calibration had not yet been performed.

1. For faster sweep execution, minimize the screen hide the graphs. 1-minute data | Tracking Method Meas. GH Clear Sky PA | PA Calc. Method 1] Meas. PA
2. Is best to not re-save this spreadsheet in case you have accidently only 0= Nene
Year lchanged some of the cells that contain or Loop Timer 1= Single Axis One Day One Day One Day One Day
2013 2:15:36 PM 2= Tik Only 4.48 6.43 6.54 7.29
Weasurement |Measurement and)
and Panel Panel Longitude Panel Tilt Clear Sky GH
Day of Year Latitude Shift Panel Tit | Panel Az, Sweep |Panel Az Sweep| 3 = Sun Following One Day
22 31.35 -13.68 30 180 0 4.17
p—
TOYAH_SOLAR_2013_022_JAN_22 dat
Tolar ime Tunnse | ounset | sunnse Colar Noon
Sun declination] Equation of comection Hours of {clock {clock {decimal Sunrise {decimal clock Solar Moon
angle time (mins) (hours) sun time) time) hour) |{decimal hour) time) (clock time)
Incident
Angle for
-18.63 -11.54 -1.10 10.30 o757 1815 7.95 18.25 13.10 1306 Sun this
Clear Sky Comparison for Panel, Lat. 31.35, Long. Shift -13.68 Tracking
—C{rar Sty ® 6 AT KWWMY, ee—es P e—tens GH Solar Measurements, File TOYAH_SOLAR dat
1208 | o = == Method
20 — DH  — A GHX
i o ( 200 Clear Sky
! \ 1000 e — 1 Sy 2
8 — / N, 2
i‘ 1 . Py o 4 | AY i
- | § 600 |- P Ty
400 T \ 800
400
, = T \ g o
o = - \! 5
5 6 7 8 8 10 11 12 13 4 15 16 17 18 10 2 o _l - ] 400
Year2013, Day 22, Tilt 30, Azimuth 120 S 6 7T 8 98 10 111213 14 15 16 17 18 ! 200
‘Year 2013, Day 22 =
|
1] 12 0.200 -0.804 183564 -0858 | 5 § 7

Toyah, Jan. 22, 2013
Clear sky conditions. In addition to GH, DH, Toyah has a PA sensor and a backup GH sensor
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1. For faster sweep execution, minimize the screen hide the graphs. 1-minute data | Tracking Method Meas. GH Clear Sky PA | PA Calc. Method 1] Meas. PA
2. Is best to not re-save this spreadsheet in case you have accidently only 0= Nene
Year [changed some of the cells that contain or Loop Timer 1 = Single Axiz One Day One Day One Day One Day
2013 2:10:18 PM 2= Tik Only 355 6,08 5.13 5.56
Measurernent |Measurement and]
and Panel Panel Longitude Panel Tilt Clear Sky GH
Day of Year Latitude Shift Panel Tit | Panel Az, Sweep | Panel Az Sweep| 3 = Sun Following One Day
1 31.35 -13.68 30 180 0 374
TOYAH_SOLAR_2013_001_JAN_01.dat
Tolar ime Tunmnse | ounsel | ounnse Colar Noon
Sun declination] Equation of comection Hours of {clock {clock {decimal Sunrise {decimal clock Solar Moon
angle time (mins) (hours) sun time) time) hour) |{decimal hour) time) (clock time)
Incident
Angle for
-23.01 =371 -0.87 10.00 o758 1758 7.97 17.697 12.87 1258 Sun this
Clear Sky Comparison for Panel, Lat. 31.35, Long. Shift -13.68 Tracking
— et Sy © 600 KWWMY, s—hteas PA  e—ess GH Solar Measurements, File TOYAH_SOLAR dat
= . == Method
— — DH —f o—
e ( 0 T Clear Sky F
1000 — 0 Sy 5 [
=L
1200
‘E o &0 I
] o 1008
600
& § suad
400
«
5 600
7 8 9 10 11 12 13 14 15 16 17 18 19 20 o | 400
Year2013, Day 1, Tilt 30, Azimuth 180 5 6 7T 8 8 101 1213 141516 17 18 18 20 200
‘Year 2013, Day 1 =
1] 12 0.200 -0.774 191806 -0873 | YR

Toyah, Jan. 01, 2013
Clear air with moving shadows from white cumulus clouds until 14:30, then becoming mostly
cloudy. Note the high peaks in GH due to an intense sun surrounded by bright white clouds.
The peaks are higher than clear sky conditions on the previous figure.

Page 30 of 32



Solar Power Experiment and Equations Mack Grady January 25 2013.doc

Appendix C: National and State Solar Insolation Data

Direct Solar Insolation Levels

(courtesy of Texas State Energy Conservation Office, www.infinitepower.org)

In general, sunshine increases
rather uniformly with distance

Desert regions of Far West from the Guif Coast

Texas contain the suniest
areas in the state as well
as some of the suniest in
the nation.

&

This map is based on meazuremants at only
five {5} locations in Texas_ Particullarly in the
mauniainous Trans-Pecos and in the Rio Grande
Valley, solar patberns ane more comples than
indicated here. For instance, Laredo and Big
Bend probably receive more sunshime then
indicated.

/AVERAGE DIRECT NORMAL INSOLATION MAP LEGEND
‘ COLOR ‘ per day | per YEAR

. KEY | (kwhim®day) [ (Ma/m2) | (quads/100 m?)
| <30 | <3940 | <10
B 30-35  [3940-4600  1.0-11
B 35-40  4600-5260  1.1-13

| | 40-45  [5260-5910 13-15

| | 45-50  [5910-6570 | 1.5-16

| | 50-55  |6570-7230 | 1.6-18

| | 55-60 [7230-7,880 | 1.8-19
B 60-65 7880-8540 19-2.1

- B 65-70  8540-9200  2.1-23
Bl 70 | 9200 | >23
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Magnetic Declination Map of North America for the year 2010

12200W

10w

100°W

The term magnetic declination (also known as magnetic variation) refers to the angle between the magnetic north (MN - compass north ) and true north

(TN - true north) at any given latitude / longitude. The black contour line shows the imaginary line along which the declination is zero (MN and TN converges).

The magnetic declination increases as one moves east or west from this line. The red line shows the negative (west) declination contours and the blue line
shows the positive (east) declination contours. The degrees of declination required in order to orient the compass with the map is added east of this line and

the World Magnetic Model (WMM 2010) for the year 2010.

subtracted west of this line. (e.g.. 10 degrees east would indicate that MN lies 10 degrees clockwise from the TN). Magnetic declination gradually changes
with time and location. The dotted grey lines show the expected annual change in the magnetic declination in arc minutes. The above map is produced from
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