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Photo-Electricity

Light—matter interaction In the photoelectric effect, electrons are emitted from sclids, liquids ar
gases when they absorb energy from light. Electrons emitted in this

/ / manner may be called phofoe!ecfrons_“:[z
®@ e

In 1887, Heinrich Hertz?*! discovered that electrodes illuminated with

%. / ultraviclet light create electric sparks more easily. In 1905 Albert Einstain
- published a paper that explained experimental data from the
@e % G@{a@@@@ photoelectric effect as being the result of light energy being carrned in
discrete quantized packets. This discovery led to the gquantum
e B I revolution. Einstein was awarded the Mobel Prize in 1921 for "his

w [4]

Photoelectric effect : B
discovery of the law of the photoelectric effect”.

Mid-energy phenomena:
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Photovoltaic Material and Electrical Characteristics

7o)

Efficiency (°

Photovoltaic (PV): a device that is capable of converting the energy
contained in photons of light into an electrical voltage or current

A photon (short wavelength and high energy) breaks free electrons from
the atoms in the photovoltaic material.

“The surface of the earth receives 6000 times as much solar energy as
our total energy demand”

PV Cell Efficiency  PHOTONS
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PV History

1829: Edmund Becquerel — voltage development on an metal electrode
under illumination

1876: Adams and Day - PV effect on solid — built a cell made of Selenium
with 1- 2 % efficiency

1904: Albert Einstein — Theoretical explanation of PV effect

1904: Czochralski (Polish Scientist) developed a method to grow perfect
crystals of silicon >which later in 1940s and 1950s were adopted to make
the first generation of single-crystal silicon PV cells, which continues to
dominate the PV industry today

Before 1958: Cost prohibitive

1958: Practical PV, used is space for Vanguard | satellite
1970s: Oil shock spurred the commercial PV development
1980s: High efficiency and low cost PV emerged

2002: Worldwide PV production

600MW/year and increasing by 40% per year



PV Manufacturing Cost & Capacity
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Average Module Manufacturing Cost ($/Wp)

2002 Data

15 PV Manufacturing R&D
participants with active
manufacturing lines in 2002

Direct module manufacturing
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PV module manufacturing costs for DOE/US Industry Partners. Historical
data through 2002, projections thereafter (www.nrel.gov/pvmat).



PV Semiconductor Physics

Pure crystalline silicon (Si) Solar
Cells - Group IV

Other elements added to Silicon
(Si) to make PVs (Groups Ill and
V)

Boron (B)

Phosphorus (P)

Other Solar Cells

GaAs (Gallium Arsenide) Solar
Cells — Groups Ill (Gallium) and
V (Arsenic)

CdTe (Cadmium Telluride)
Solar Cells — Groups Il
(Cadmium) and VI (Tellurium)

The Portion of the Periodic Table of

Greatest Importance for Photovoltaics Includes the

Elements Silicon, Boron, Phosphorus, Gallium,

Arsenic, Cadmiuvm. and Tellurinm

I [1 [1 [V \Y VI
5B 6C TN 8§ 0
13 Al 14 5i 5P 165

29Cu | 30Zn | 31 Ga | 32 Ge | 33 As | 34 Se

4TAg | 48 ca | 491n 30Sn | 51 Sb | 52 Te




PV Semiconductor Physics

Silicon (Si) — Group IV
14 Protons
4 outer valence electrons

Valence

R

t+-/

Actual Simplified



PV Semiconductor Physics
Silicon (Si) — Group IV

Pure Crystalline Silicon ---- Covalent bonds with four adjacent atoms

Silicon ®
— nucleus. @ ®
- » (e e (W) ee(d)e
; A/ A S AN S,
\ﬁ,x Shared — — . o)
b valence ®) (®) &
\_.-” electrons _-® S )

.|+4|lif+43'l'l'; +4"

& & ®

Tetrahedral Two-dimensional version



Band Gap Energy
Silicon (Si) — Group IV

At K=0 temperature, no free electrons to roam around -> a perfect insulator

As Temp increases, some electrons will be given enough energy to free
themselves from their nuclei - conductivity increases as temp increase (as
opposed to the case in metals).

At normal temperature, conductivity is still very low - semi-conductor

Adding minute quantities of other materials (“contamination”), conductivity
can be greatly increased

Difference between conductors (metals) and
semiconductors (Si)

Described by Quantum theory
Using energy-band diagram

10



Band Gap Energy

Band-Gap
Electrons have energies that must fit within certain allowable energy bands
Top energy band: ( ) > electrons within the band contribute to current flow

Conduction band for metals partially filled, while that for semiconductor is (almost) empty
Allowable bands & ( ) bands

( ): band between the ( ) band and the highest filled

band

Band-Gap Energy (Eg): “ (Definition: )’
Metals Semiconductors

' Conduction band

4 | Conduction band A 0
S F (partially filled) S — Ir (empty at T=0K)

— [} i @ I -

> | Fo t Forbidden band > E, + Forbidden band

— ! J = i |

D j @ )

© + Filled band 5 . Filled band

— 4 ! g

2 Ga 2 Ga

3 : Ve = P \

L ¢ Filled band = > Filled band 11

4 i




Band Gap Energy
Band-Gap Energy (E)

Unit: electron-volts [eV]: energy that an electron acquires when its voltage is increased by
1V.{1eV=16x10"[J]}

Band Gap Energy for Silicon = 1.12 eV

Energy Sources to jump into the conduction band
Thermal Energy
PV: Photons of Electromagnetic Energy from Sun
A photon with more than 1.12 eV can
move 1 electron from solar cell, and Hole Photon

- Photon
then due to 1 fewer electrons - forms N \( J (o) ¥ 3
e -4 & | 0o
a “hole” (a net positive charge). Bl P )“ ~o—<®) °
B "““\ - R
When the electron ( ), s e (54) ®® o ( gﬁ oo
the energy (from the conduction > : T 3 ;”
band to the filled band) is released e ﬁl (¢
_ o \@® B
as a ( ) = light emitting
diode (LED) Formation Recombination

12



Band Gap Energy

Photons with enough energy create hole-electron pairs in a

semiconductor

Energy of a photon . |
> P E=hyv = h_[ ¢ speed of light (3 x 10° m/s)

E energy of a photon (J)

A v frequency (hertz),
h Planck’s constant (6.626 x 1074 J-s)

A wavelength (m)

Sample Calculation: Silicon has a band gap of 1.12eVand 1 eV =1.6
x 10-1° [J] (a) What maximum wavelength can a photon have to create
hole-electron pairs in silicon? (b) What minimum frequency is that?

13



Band Gap Energy

For Si, photons with wavelength above 1.11 um don'’t have the 1.12 eV
needed to excite an electron, and this energy is lost. Photons with shorter
wavelengths have more than enough energy, but any energy above 1.12 eV
Is wasted any way — since one photon can excite only one electron — waste
heat in the cell.

»”7 SILICON
g — 1
1 Photons with more E Photons with not
% ] | than enough energy ! enough energy
s 17 i
5 & | Photon energy, hv !
& / ¥ !
= 54 I
g l
§ 4 % Lost energy, hv > E, !
_ |
3 - I
. hy  Usable energy ! Lost energy, hv < E,
Ep=1.12 2 1 / &ﬁi/ |
1 __ // .-';: /_h-—_H__'—— '/_ o
D - ' [ ' [ ' [ ' I ' [ /I/ I/ T T f
0.0 0.2 0.4 0.6 0.8 1.0 \x1.2 1.4 1.6 1.8 2.0

Wavelength (um) 111 14



Radiant power (W/m? um)

Solar Spectrum and Band-Gap Impact

Visible 54% C’ solar spectrum (AM 1.5-G, 1000 W/m ) . Max|mum
UV 2% | isible IR 44% . converted by crystalline silicon cell .
1600 |- possible
Unavailable energy, hv = E, :
z /f/'\* 30.2% g fraction of
1200 |- the sun’s
Energy available, 49.6%
i - energy
sanl Band-gap wavelength 1.11 um which may
| v be collected
Unavailable energy, hv < E, by a solar
400 20.2% 0
cell: 50%
0 dl
8 o
0.4 08 1.2 16 2.4 2.8

Wavelength (pm)
AM (Air Mass) Ratio
AMO: Sun in space (no atmosphere) --> Average Radiant Flux of 1.377 kW/m?2.
AM1: Sun is directly overhead

AM1.5: Sun is 42 degrees above the horizon (standard condition) - 1 kW/m?2. 15



Band Gap Energy

Band-Gap and Cut-Off Wavelength for Electron Excitation

Silicon (Si) Gallium Cadmium
Arsenide Telluride
(GaAs) (CdTe)
Band Gap [eV] 1.12 1.42 1.5
Cut-off wavelength [um] 1.11 0.87 0.83

Trade-off between choosing PV materials

Smaller Band-Gap Material
More solar photons have the energy needed to excite electrons
More photons have surplus energy above the threshold -> waste

Higher Band-Gap Material
Fewer photons have energy to create current-carrying electrons & holes
Less left-over surplus energy

Indium
Phosphide
(InP)

1.35
0.92

16



Efficiency of PVs

as a function of

their Band Gap
17
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AM Ratio and PV plate

ﬂ bp solar

Wi Dpsolar.com

MODEL:SX170B “I"!

i
Warranty Level: 25-12.5 Part # 5213.0100  Serlal & !ﬂ!ﬂ?!ﬂ!!!ﬂﬁ

Product of UMITED STATES Manufactured in 1SC 8001 certified facility
Electrical Ratings

at STC (1000 Wim , AM 1.5 spectrum, cell temperature 25°C)
Al valuas are nominal unisas designated as tested

Feak Power (Pman) 170 )
Warrantad Minimum Pmax 154.7 W




p-n Junction

Problem for the created hole-electron pairs

The free electrons can fall right back in to a hole (Recombination) — both charge
carriers disappear

How to avoid the recombination: The electrons in the conduction
band must continuously “swept” away from holes - how?

Built-in Electric Field within the semiconductor itself to push
electrons in one direction and holes in the other

How to build the Electric Field: Two regions are to be established
within the crystal

One side: Contaminated (“Doped’) with a trivalent element of Group |lI (Boron
B)-> p-type

The other side: Doped with pentavalent element of Group V (Phosphorus P) -
n-type

Electric Field builds up between p-n junction

19



p-n Junction

Electric Field builds up between p-n junction

Mobile Mobile
holes electrons
.
+ + + | - —
O o © » © ©
+ + + | — — —
' ®+ ®+ ®» © @
S SHNCH2Ne
7 /
Immobile /‘ Immobile
negative Junction  positive charges
charges

When first brought together

Electric field
P ,‘L
S gfofor
O O (O=r®I® ®
O O iO=-®!
Iq—hll
Depletion
region

In steady-state

20



Shockley diode equation: [, = [,(e?"4/kT — 1)

fd”

p

n

Vg

p—n junction diode

p-n Junction Diode

"d*o +

Symbol for real diode

Iy reverse saturation current (A)
reverse saturation current is the result of thermally generated carriers
with the holes being swept into the p-side and the electrons into the n-side.

Diode characteristic curve

[; the diode current in the direction of the arrow (A)

-

..

q

= 38.9
kT

at junction temperature
of 25°C —standard.

V;  the voltage across the diode terminals from the p-side to the n-side (V).

g the electron charge (1.602 x 107°C)

k  Boltzmann’s constant (1.381 x 1072* J/K)
T  the junction temperature (K).




p-n Junction Diode

Diode Voltage Drop (0.6 V) — Example Calculation

Question: Consider a p-n junction diode at 25 °C with a reverse
saturation current of 10° A. Find the voltage drop across the diode
when it is carrying the following diode currents: (a) no current (open-
circuit voltage); (b) 1 A; and (c) 10 A.

2

Iy = o (€393 — 1)

22



PV Cell

p-n junction exposed to sunlight

Accumulated negative charge

Photon&@ Photon
. e O~
By ’ =3
n-type ﬁ - - - - = =
— T+
g¢ @ "~ O Holes] © (®) | Depletion
© O © Electrons J ;§\ O | region
g
p-type
S + L !
f,'

Accumulated positive charge

23



PV Cell Equivalent Circuit

Electrical contacts

Photons Electrons —#»
Electron flow t Lzz? \ “u l -
| T- |

n-type

V Load

p-type
/

—h
Bottom contact +

Equivalent Circuit: Ideal Current Source in parallel with a real diode

/
—p V
O

I, ¢ ¥
A ! Load

B IZIgc—Id

Isc short-circuit current

24



PV Cell Equivalent Circuit

Equivalent Circuit: Ideal Current Source in parallel with a real diode

(50

—o

\\ - g lay
D Load EEP> Isc v

[ =1Isc = Iy (e"M = 1)

kT /1
Vor = m( 5C+1)
q 10

4

/
—p V
0]

]d' = [O(Fqu/kT — l)

Load
& I'=1Ise— 1

Isc short-circuit current

Open-Circuit Voltage (Vo) & Shortzircuit Current (lg¢)

q ly

KT (1
V, = —m(—”+1)

open-circuit voltage

[=0

[ = ISC_IO((?SBIQ Vv 1)

at 25°C

I
Voe = 0.02571n (% + 1)
0

LI



|-\ Curve

Isc (Short Circuit Current) is directly proportional to solar insolation

[ = I — [y(e

389V _

)

Light

Y‘:

Dark

26




|-V Curve Example

Example: Consider a 100 cm? PV cell with reverse saturation
current 10-'2 A/cm?. In the full sun (“peak sun”), it produces a short-
circuit current of 40 mA/cm? at 25 °C. Find the open-circuit voltage

at full sun and again for 50% sunlight. Plot [-V curve.

27



I-V Curve Example - Plot ; _ ; ovir _

A Y 4
£\~
g |

Ex8.3.xlsx

9V _ |

)

(Vo o= RN I Ty R - S 5 B N B

el el L Lt L =
o I T (R S S R N Y P e

4
il

[ = Isc — Ip(e

A B C D E F G

lo vd Id IscFull Ifull IscHalf Ihalf
1E-10 0 0 4 4 2 2
1E-10 0.05| 5.99E-10 4 4 2 2
1E-10 0.1| 4.79E-09 4 4 2 2
1E-10 0.15| 3.41E-03 4 4 2 2
1E-10 0.2| 2.39E-07 4 4 2 2
1E-10 0.25| 1.6/7E-06 4( 3.999998 2| 1.999993
1E-10 0.3| 1.17E-05 41 3.999988 2| 1.999988
1E-10 0.35| 8.18E-05 4( 3.999918 2| 1.999918
1E-10 0.4| 0.000572 41 3.999428 2| 1.999428
1E-10 0.45| 0.004002 4( 3.995998 2| 1.995993
1E-10 0.5 0.027992 41 3.972008 2| 1.972008
1E-10 0.55| 0.195763 4( 3.804237 2| 1.804237
1E-10 0.6 1.369094 41 2.630906 2| 0.630906
1E-10 0.65| 9.574938 4 -5.57494 2| -7.57494
1E-10 0.7| 66.96359 41 -62.9636 2| -64.9636
1E-10 0.75| 468.3187 4( -464.319 2| -466.319

28




|-V Curve Example - Plot
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More Comblex Eauivalent Circuit

+o V
N gy
b Va |
O)-- I # }+IP
I’J\ = fgcf v ;; Ao Isc =1+ 15+ 1Ip
7
_Off R

l:-_r'

I =t — I dexp [ AV LRI L (VAT Rs
= fse =l e kT Ry

. ] R
[ = Isc — Io [Ejﬂ.ﬂ{b—l—fﬁs} _ ]] — R—(V + IRg) at 25°C
P

Vi

| =] ] 38.9b’d_l o
sc — lo(e ) R,

V=V, —IR;
30



More Complex Equivalent Circuit

, ]
] = ISC . IO [eis.gf_wms} _ ]] _ R_(V + IRS)
P

JE.D'Lr’d . I) o 1{(}

[ =I5 —1
SC nle R,

V =V, — IR

4.0

HP:DOI

Rs= 0

w
o
|

Current (A)
[
o
I

1.0 —

0.0

Rp=1.0, Rg=0.05

0.0

0.1

0.2 0.3 0.4 0.5 0.6

Voltage

31
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Cell

Module

Cell to Module

A typical module has 36 cells.

CURRENT (A)

4 cells

,/

Adding cells in series

—_

24V

Array /

36 cells

36cellsx06V=216V

0o
\_\.
\\
0.6 V for each cell

Vinodule = (Vg — I Rs)

VOLTAGE (V)

216V




Class Activity 8

Voltage and Current from a PV Module. A PV module is made up
of 36 identical cells, all wired in series. With 1-sun insolation (1
kW/m2), each cell has short-circuit current I = 3.4 A and at 25°C
its reverse saturation currentis |, = 6 x 10—10 A. Parallel resistance
R, = 6.6 Q and series resistance Rg = 0.005 Q.

Question1: Find the voltage (Vmodule), current (1), and power delivered

(P=Vmodule*I) when the junction voltage Of each cell (Vd)is
(a) 0.50 V.
(b) 0.49 V
(c) 0.51V
(d) 0.55V

Question 2: What is the maximum power point in terms of current and
module voltage

33



From Modules to Arrays

PV Modules in Series

— + - + — + /
—-—
» =
. V= V1 + V2+ Vg
]
|_
Z
L
C
% 1 module 2 modules 3 modules
o
VOLTAGE

34



From Modules to Arrays
PV Modules in Parallel

3 modules

| ) |

2 modules I
1

CURRENT
——
——
—-
-

1 module

VOLTAGE
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From Modules to Arrays

PV Modules in Parallel and
Series

Which array is better?

f:}l-

e

(a)

v

ﬂ

l
|

(b)

CURRENT

.
A

VOLTAGE



|-V Curve and Power Output

Maximum Power Point (MPP)
|r: Rated Current
V: Rated Voltage

P= PH
< I =
< ;
& o T _. o
E [ — =
=2 In Maximum Power Point | Q
© (MPP) |

P=0
o l \/
0 VOLTAGE (V) Vi Voc
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MPP and FF (Form Factor)

The biggest possible rectangle — the area is power
Fill Factor (FF): performance measure: ratio of the power at MPP to
the product of V. and |.. (solid_rectangle/dotted_rectangle)

W

/

CURRENT (A)

:
o 10 oo VYoc=215V d(b\

VOLTAGE (V) /WW— F -
Power at the maximum power point  Vplp Ié [ V\/ F

Fill factor (FF) = —
Voc Isc Voclsc




PV Module Data

Examples of PV Module Performance Data Under Standard Test ( ¢ 7 C >
Conditions (1 kW/m?, AM 1.5, 25°C Cell Temperature)

——
Manufacturer Kyocera Sharp BP Uni-Solar Shell
Model KC-120-1 NE-Q3E2U 21508 US-64 ST40
Material Multicrystal Polycrystal Monocrystal Triple junction a-Si  CIS-thin film
Number of cells n 36 72 712 42
Rated Power Ppc sre 120 165 150 64 40
Voltage at max 16.9 34.6 34 16.5 16.6
wer (V —
Current at rated 7.1 477 4.45 3.88 241
e )
pen-circuit voltage 21.5 43.1 428 23.8 23.3
Voc (V)
Short-circuit current 7.45 5.46 4.75 4.80 2.68
— I (A —
e Length (mm/in.) 1425/56.1  1575/62.05  1587/62.5 1366/53.78 1293/50.9
v T Width (mm/in.) 652/25.7 826/32.44 790/31.1 741/29.18 329/12.9
Depth (mm/in.) 52/2.0 46/1.81 S0/1.97 31.8/1.25 54/2.1
_ Weight (kg/lb)  11.9/26.3 17/37.5 15.4/34 9.2/20.2 14.8/32.6

Module efficiency 12.9% 12.7% 12.0% 6.3% 9.4%




Insolation and Temperature Effect

Decrease in insolation, decrease in short-circuit current

Increase in cell temperature, substantial decrease in open-circuit voltage,
and slight increase in short-circuit current

For Si cells, Vaoc drans by 0.37% for each degree Celsius increase in
temperature, and ISC i ses by 0.05% -> Net result: Decrease in

maximum power about 0.59 N — )

Kyocera 120-W multicrystal-Si module example

IRRADIANCE: AM1.5, 1 kW/m? CELL TEMP. 25°C %@

8 .
1000 W/m? |

| 2
& 1800 W/m? |

| ——

200 W/m?

T\

0 10 20 30 0 10 - 20 30 40
Voltage (V) Voltage (V)




Temperature and Insolation Effect

NOCT (Nominal Operating Cell Temperature) °C
S: Solar Insolation (kW/m?)
Cell temperature (Tce”) in 1 sun of insolation,

Ambient Temperature (T,;,) cells tend to be 25-35°C
hotter than their environment.

NOCT — 20°
)5

Tce - T:un -
I b+( 03

vy proportionality factor
‘ depends somewhat on windspeed
1“501““0”) how well ventilated

Tu:ﬂb+V(
- o | kW/m? between 25°C and 35°C AT ejﬂ
(

-
-

For Si cells, Voc drops by 0.37% for each degree Celsius ’TM
Increase in temperature, and I increases by 0.05%. » - Net
result: Decrease in maximum power about 0.5%

Ve = Ve, - (1= 5T 0.003)

oA C et



Standard Test Conditions
(1 kW/m?*, AM 1.5, 25°C
Cell Temperature)

Temperature and Insolation Effect - Example

Impact of Cell Temperature on Power for a

PV Module. Estimate cell temperature, open- Manufacturer BP

circuit voltage, and maximum power output Model 21508

for the 150-W BP2150S module under Material Monocrystal
Number of cells n 72

conditions of 1-sun insolation and ambient Rated Power Poc src %0
temperature 30°C. The module has a NOCT (W)

o Voltage at max 34
of 47°C. power (V)
Current at rated 4.45
\/ — V . (/ — AT :(()DD%?—)) power (A)
éc A oA O0C reat Open-circuit voltage 42.8
Voc (V)
Short-circuit current 4.75
Isc (A)
Length (mm/in.) 1587/62.5
Width (mm/in.) 790/31.1
Depth (mm/in.) 50/1.97
Weight (kg/lb) 15.4/34

Module efficiency 12.0%

T



Standard Test Conditions

Temperature and Insolation Effect - Example )
(1 kW/m?, AM 1.5, 25°C

\é‘nw [/oc o (/ 0.00 é?AT) Cell Temperature)
AT = 72_6/[ — Tf.cd comoéévn Manufacturer BP

Model 21508

Material Monocrystal

Number of cells n 712

Rated Power Ppcste 150
(W)

Voltage at max 34
power (V)

Current at rated 4.45
power (A)

Open-circuit voltage 428
Voc (V)

Short-circuit current 4.75
Isc (A)

Length (mm/in.) 1587/62.5

Width (mm/in.) 790/31.1

Depth (mm/in.) 50/1.97

Weight (kg/lb) 15.4/34

Module efficiency 12.0%




Solar Cell Cooling




Floating Solar Cells

w0 i, |

gl %

| Mg - -, '




Floating Solar Cells — Not always easy
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Physics of Shading

All cells under sun
The same current flows through each cell
Top cell under shade
The current source is reduced to zero for the cell

Now the current from other cells must flow through Rp (and Rs), which drop the voltage,
instead of adding voltage.

/
HS + ! -/\G_)
Isc=0 =
—— _

nth cell ?Iﬂ_ﬂ +\ .L(kp‘l'K§>
shaded /|/:, v Re

Vn—*l-ﬁ‘." - ZF +

= ge_u; } - m -I>\/Cel,
S o -

)| o




Vsu = V,_1 — I(Rp + Rg)

S

n—1
VSHZ(
H

Physics of Shading

— 1
Vn_.:(” )v
R

‘:,r’

)V_I{RP+RS_)

The drop in voltage A V at any given current /

AV =V — Vsy

1
:V—(]——)V+I(RP+R5)
mn

vV
:;—FI(RP‘FRS)

parallel resistance Rp is so much greater than the series resistance Rg,

Vv
AV = + IR,
H

nth cell
shaded

O<
A
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Physics of Shading

Huge impact on module voltage of shade

-V one cell shaded

-V full sun
~

VS H

Y

Effect of shading one cell in an n-cell module. At any given current, module

voltage drops from V to V — AV.

| I
VOLTAGE (V)

%
24

L, =
nth cell d é* !
shaded A 4 ? Re

O<
A

cells

49



Shading Effect - Summary

All cells under sun
The same current flows through each cell
Example: a PV module charging a battery
Top cell under shade
The current source is reduced to zero for the cell

Now the current from other cells must flow through
Rp (parallel resistance of the shaded cell), which
drops the voltage, instead of adding voltage.

Output [Power] of a PV module can be reduced
dramatically when even a small portion of it is
shaded.

Even a single cell under shade in a long string of
cells can easily cut output power by more than
half.

External diodes mitigate the impacts of shading

50



Physics of Shading

Example: Impacts of Shading on a PV Module. The 36 series
connected cell PV module (with 1-sun insolation [1 kW/m?2], each
cell’'s short-circuit current I = 3.4 A, 25°C reverse saturation
current I, = 6 x 10719 A) had a parallel resistance per cell of R, = 6.6
Q and series resistance Rs = 0.005 . In full sun and at current | =
2.14 A the output voltage was found there to be V =19.41 V. If one
cell is shaded and this current somehow stays the same, then:

a. What would be the new module output voltage and power?
b. What would be the voltage drop across the shaded cell?
c. How much power would be dissipated in the shaded cell?

v
.'il'il'.l = — + "RJ'
f
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Shade Mitigation by Bypass Diode

Voltage drop problem can be corrected by adding a bypass diode across each cell.

Ve=—(R,+R,) I
V=05V -
il
0A
(:“.__ / 7 oA {' :}‘H
e Cell \ AT
7 >
b I
oV} oV} T
One cell in the sun Equivalent circuit when shaded
V.=05Vao V=-06Ve
iy b
l::-) ) 0A 5 % < : ? } IB
| ypass 1 — ypass
A I A diode is / % A doce
i cutoff iy % conducts
_ /,Q -;5-’:
il b
o]
Shaded cell

Sunny cell
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Mitigation by Bypass Diode

Rp=6.6 Q
Without Bypass Diode

1. Voltage Drop across
the shaded elements

2. Each cells to
compensate the voltage
drop by increasing each
cell voltage

3. The increased cell
voltage decreases the
cell current (by the I-V
curve)

With Bypass Diode

1. The voltage drop at the
shaded cells are minimal
(Regular Diode Drop of
0.6V)

2. The voltage increase in
each cell is trivial

3. The decrease in cell
current is negligible
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CURRENT (A)

3.5

3.0

25

2.0

1.5

1.0

0.5

0.0

Impact of Bypass Diode

A case: Five (5) PV modules in series delivering 65V to a battery
bank — one module has 2 shaded cells.

Charging current drops to 2.2A from 3.3A
With a bypass diode, the current is recovered to 3.2 A

Current at 80V (165 = 80)

R M
] « Full sun
] Shaded,
7 no bypass —~ ' Shaded,
| diodes i bypass
- i diodes
— .
L]
_ n
|
- H
H
I Battery H
— voltage H
- \: \
]
T I ' |
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v
VOLTAGE ™ current at 100V (205 = 100)
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CURRENT (A)

Impact of Bypass Diode - Details

Current at 80V (165 = 80) \
35
3.0 1
i Full sun
25 Shaded, “
- no bypass ~* X th *\
20— diodes ; bypass
] : diodes
1.5 '
L]
n 1]
i
1.0 - i
i
) Battery '
0.5 — voltage '
i \: \
i
0 ﬂ I I 1 | I I 4 1 I I ]
0 20 40 60 80 100
VOLTAGE (V)

Current at 100V (20*5 = 100)

120

With bypass diodes,

- Thecell voltageis now 16V

each, therefore, the module
voltageruns asif 80V, which
by thel-V curve,

hasthe current of 3.2 A.

Under shaded cell

condition, since unaffected
cells haveto make out 80V,
the Cell voltageis now
Considered as 20V -> which
would beinterpreted asthe
module voltage runsat 100V
,and corresponding current is
2.2A.
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Partial Cell under Performance — Blocking Diode

In Parallel Combination of strings of cells: Separate the
malfunctioning or shaded string of cells by blocking (or “Isolation”)
diode at the top of each string

-’=-’E—|—-’3
O
_F._'_
=0
e T T VE ”
g e
e e
oy § = —— ’://"1%4 E— E=——
fz B
Z il e
- - L _:' -’1/”"/ L —G

Without blocking diodes With blocking diodes

56



Bypass and Blocking Diode
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Shaded I-V Curve

Suppose a PV module has the 1-sun |-V curve shown below. Within the module
itself, the manufacturer has provided a pair of bypass diodes to help the panel deliver
some power even when many of the cells are shaded. Each diode bypasses half of
the cells, as shown. You may consider the diodes to be “ideal;” that is, they have no

voltage drop across them when conducting.

Suppose there is enough shading on the bottom cells to cause the lower diode to
start conducting. Draw the new “shaded” |-V curve for the module.

1-sun

51 \
\
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o 2 4 & B8 10 12 14 16 18 20
Volts
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—
T
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Shaded
cells
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—~

Shaded I-V Curve

Suppose there is enough shading on the bottom cells to cause the lower diode to
start conductina. Draw the new “shaded” |-V curve for the module.
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Chapter 9: Photovoltaic (PV)
Systems
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PV System Configurations

Utility connected PV System: Feed/get power directly from/to the

utility grid and PV

dc -

Power

ac
— -

Conditioning
Unit

Vs ¥ e

Ll]] E... !

Utility
Grid

Stand-alone system: Charge batteries (with or without Generator

backup) and serves load

PVs

dc Motor

Source zzzooas

water

oo
SEmI=Ee
e —

==

488

——~, Supply
h water

Pump
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Grid-Connected PV System

Combined Inversion system

Series strings _C_Oﬂb_'nir I_:mx

of PVs ! Lz

Utility

Array
disconnect

{ |
ll
1i!surge
-ll
1|

. ? | /._W.
- —_—— — -
 Grounded PV frames ___ + e 3

Separate Small Inversion System

Utility grid
Y 2av B 24-V v
module module i ——---- module A(l
|
[T de [ dc [ de Meter |
Inverter Inverter Inverter
120-V ac 120-V ac 120-\V ac
Hot - black 120-V ac
— e - _ - Disconnect
Meutral -white 62
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Example Stand-Alone PV System

Generator (Dptional)
|
|
I o C L]

PV Array Control Panel/Charge Controller
________________ @ —————————
'
® < AC
Batteries 1 Distribution

it it (A Pane!

A

O
Q-

- Ll —]

(| [F— {(— Inverter/charger

LB
%
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PV Cell’s I-V Curve
Load’s |-V Curve (DC load case)
The intersection point is the operating point.

+

Vi

Yo

LOAD

P=Vyly

Operating Point

CURRENT»

PV I-V curve

-~
Operating
point ™

~— -V curve
for the load |

VD
VOLTAGE —»
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Operating Point - Example

PV Cell’s I-V Curve

Load’s |-V Curve

Example of Simple Resistive Load (R)

Changes in Operating Points by the changes in resistance

Rm: Resistance at Maximum Power Point — good only for test
condition

PV |-V f_,.:‘_ Resistor
_ » I—V curve
+ V=ARI =
| S ,.-f": """"""""""" N
ot = 4 f ~ :
S A I
oc ! ! — - m 1 e
= S———d - T
* / O s ’___,,--”'i o |
ff - ™ _— I
| — / .___,P"*'#- T :
P :
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Operating Point Change over Insolation

With fixed resistance (Rm), the operating point moves down off the
MPP as the Insolation condition changes and the PV is less efficient

In need of Maximum Power Tracker

Fixed

2 resistance load
1000 W/m ~

Operating
points LT

CURRENT

VOLTAGE 66



Battery |-V Curve

|deal: Voltage remains constant no matter how much current is
drawn

|-V Curve: Straight up-and-down line

+ Ideal TV
O Battery + | B

V= Vs _—

CURRENT

L BATTERY

VOLTAGE Vg
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Real Battery

Battery |-V Curve

Real battery has internal resistance: V =Vg + R "l

Charging: Applied voltage must be bigger than Vg

Discharging: Output Voltage is less than V5.

V=Vy+RI

H;
"4 . A A A
+ LU 4 Ve
] —= —
V e VS ___
o
u |
= charging
o
: T oper
o slope = E
Vg Ve

discharged charged

VOLTAGE—

{a) Charging

<
>
o

CURRENT—=

I'I, dischargin gll'.
I|I - IIII\

||II III S.Ir L) pﬁ- = —

Ve Vg
discharged charged
VOLTAGE —

(b) Discharging

i
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Battery Charging --- Example

There is a nearly depleted 12-V lead-acid battery which
has an open-circuit voltage of 11.7 V and an internal
resistance of 0.03 Q.

(a) What voltage would a PV module operate at if it is delivering
6 A to the battery?

(b) If 20 A is drawn form a fully charged battery with open-circuit
voltage 12.7 V, what voltage would the PV module operate at?
(Remember that the PV operating voltage is determined by the
battery voltage)

V=Vp+R]I V=Vp—R]I
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Charging and Discharging
Charging moves |-V curve toward the right during the day (from PV) -
So current lowers and prevents overcharging

30 cell module has lower current when charged — preventing over-
charge

Discharging moves |-V curve toward left during late afternoon (from PV)

i th
NOON Dlschllarged C r':argei// ( M
—

CURRENT (A)
>S-
S
_5

LATE AFTERNOON

VOLTAGE (V) 70



Voltage Control

Benefit of operating PV near the knee (MPP) of the |-V Curve throughout
the ever-changing daily conditions

Conversion of DC voltages - Switched mode dc-to-dc converter {on-off
switch to allow current to pass or block}

Boost Converter: Step-up
Buck Converter: Step-Down
Buck-Booster Converter: Combination

Load

|
|
|
|
I
! |
' | C |

| | Switch 3 Iy — | -

Source [ | trol L &= ! =
| contro & l + |
| |
| |
| |
| [

Buck-boost converter
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Voltage Control - 1

When the switch is closed, the input voltage Vi is applied across the inductor, driving
current IL through the inductor. All of the source current goes through the inductor
since the diode blocks any flow to the rest of the circuit. During this portion of the
cycle, energy is being added to the magnetic field in the inductor as current builds
up. If the switch stayed closed, the inductor would eventually act like a short-circuit
and the PVs would deliver short-circuit current at zero volts.

|
|
|
' I

l _ | Load

\ ) - i a

|
|
|
|
|
|
[

Switch
control

Source

Buck-boost converter
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Voltage Control - 2

When the switch is opened, current in the inductor continues to flow as the magnetic
field begins to collapse (remember that current through an inductor cannot be
changed instantaneously—to do so would require infinite power). Inductor current
now flows through the capacitor, the load, and the diode. Inductor current charging
the capacitor provides a voltage (with a polarity reversal) across the load that will
help keep the load powered after the switch closes again.

! |
| |
KR > QU v
i . i
| o) | /\
= l I I i l _ | Load
: | | N i | ~
Source || Switch L %: L ! =
| | control — 4 " | f
BT [ AT LT
| |
|

Buck-boost converter
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Voltage Control - 3

If the switch is cycled quickly enough, the current through the inductor doesn’t have a
chance to drop much while the switch is open before the next jolt of current from the
source. With a fast enough switch and a large enough inductor, the circuit can be
designed to have nearly constant inductor current. That’s our first important insight

into how this circuit works: In r current | ntially constant.

it
T T T T T T T T T T |
' switch l
Vi | vV I Vg
L X]., I 1. |
| | = |
= l | I l _ | Load
] | ' ) - 1€ | ~
Source ! Sw'tﬂr} L %: L | [ F
| contro o l + |
| I S | +
—— I [ I
T | |
I ¢ [

Buck-boost converter
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Voltage Control - 4

If the switch is cycled quickly enough, the voltage across the capacitor doesn’t have
a chance to drop much while the switch is closed before the next jolt of current from
the inductor charges it back up again. Capacitors, recall, can’t have their voltage
change instantaneously so if the switch is cycling fast enough and the capacitor is

sized large enough, the output voltage across the capacit dl ' rly
constant. We now have our second insight into this circuit: Qutput voltage Vo is

w flv con
—fpnn

| |
' switch l
D S R Ve v
} L | » 1
. | |
. | ! N B o | _ | Load
| Switch _“}!I | | T
Source |[ l W'TE | L %. L | [ F
: contro — + :
| ey +
| |
I

Buck-boost converter
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Input — Output Voltage by Duty Cycle

The duty cycle of the switch itself controls the relationship between the
input and output voltages of the converter.

The duty cycle D (0 < D < 1) is the fraction of the time that the switch is
closed. This variation in the fraction of time the switch is in one state or the

other is o T |
Closed _ !

(on)
Open

(off) =7

Closed —— - ————‘ ————— T-___ _____ J H
Open ————__ - U A R R R S

(b) D=0.5 (c)D < 0.5 (d) D>0.5
Vo/Vi
Yo (:25) i /
. =P FE—
" 0 0.2 0.4 0.6 0.8 1 76




CURRENT —»

MPPT and PV |-V with Duty Cycle
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Home PV — Experience

Home photovoltaic
systems for physicists

Thomas W. Murphy Jr

fea"ure Installing a modest photovoltaic system and using it to run a suite of
H appliances can be educational and immensely satisfying. This brief

article vt gl wi ’ .

how-to guide will help get you started.

T X %=

A Figure 1. Photovoltaic panels for a dual system. The taller one is a 130-W polycrys-

) talline panel that operates at 16% efficiency. It consists of 36 silicon p—n junctions, or
/{,—7 cells, in series, each with an open-circuit (zerc-current} voltage of 0.6 V. The nar-

Y 7)Y rower, long panel is a 64-W triple-junction amorphous arrangement of 11 cells in se- g&

1 ries; each cell operates at 1.9 V and 8% efficiency. Both panels are sitvated in frames §

; that allow seasonal tilt adjustments. Here they are arranged for winter use.

e W S A ,]ﬁ u
} PR, ol

Tom Murphy, “Home Photovoltaic systems for physicists” Physics Today, July 2008.



HOME PV

PV—  Batiezy+ DC (o AC

Ch a:r%e inverter
lex

contro
e @ @
PV + Battery — fuse

Battexry

ground

Figure 2. Circuit diagram for a standalone photovoliaic system. The breakers (yellow arcs) serve as overcurrent pratec-
tion and disconnect simullanecusly, but they can be implemented as fuses and disconneat switches. If the PV panels are
not aftached to a dwelling, the ground-fault protection device (GFPD) can be eliminated and the same bus bar, a metal
strip that allows branch connections, can be used for negative and ground. All modules have grounded frames. In-line
shunts can ke placed at locations A, B, and C for measuring net battery current, solar input current, and load current,

respectively —although, since those currents cbey a sum rule, any two will suffice. Ground wires are green, negative

white, and positive red.




A HOME PV

Figure 3. Power center for my
dual PV system. Only half the
parts are necessary for a more
typical single system. Cut off
at the bottom edge of the
phaote are two 12-V, 150-Ah
batteries {one for each sys-
tem), and immediately above
them are 110-A class-T fuses.
At left are two charge con-
trollers. The black oneis a
maximum power-paint track-
ing charge contraller, as de-
scribed in the text; it is cer-
tainly overkill for this smaill
system. In the upper right are
two 400-W inverters. Below
them is an MPPT charge con-
troller nat currently used. To
the left of the inverters is the
monitoring system, capable of
measuring two voltages and
three currents. In the center is
the exposed breaker box,
showing three breakers per
system, four shunts for current
measurement {l use only three
at a time), and for each panel, connected grounded bus bars, metal srips that allow branch connections. Ground wires are
green, negative white, and positive red. The green extension cords on the right deliver AC power to appliances in the house.
This particular system implementation does not require a ground-fault protection device.
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CURRENT (A}

A Home PV

1000 Wims

102 Watl3ov
- NMET: 130 W

i \‘Short ciremit corrent

400 W/im?

N S

= I Wat 25V

MMFPP: 51W

10

15 20

YVOLTS

Figure 4. Current—voliage curves for a
photovaltaic panel rated at 130 W at
25 °C. The blue curve shows full illumi-
nation; the red curve 40% illumination.
Typical PV panels, with 36 cells in se-
ries, have an open-circuit voltage of
around 22 V. Maximum power is typi-
cally delivered at arcund 15-18 V. At
lower voltages, the PV current satu-
rates; in full sun the saturation current
is called the short-circuit current. The
maximum power point (MPP) is indi-
cated for bath curves, as is the re-
duced power achieved by extracting
current at typical battery voltages.
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4 A Home PV
X
Mf/ﬁ{w

vvvvvvvvvvvvvvvvvvvv 16

100

B0

old
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o 0
L
MM B0 9 \F}’/ \J
™ 0
<,
! w
=]
=
20k
h
1 1 1 1 1
300.0 300.5 301.0 301.5 302.0 302.5 303.0

TIME {days)

SIIOA

Figure 5. Sample data for a 130-W
solar panel powering an entertain-
ment system. Day 300 had a heavy
but variakle overcas; day 301 was
mostly sunny; day 302 was cloudy.
The red curve traces the solar power
delivered by the panel to the charge
controller, and the blue curve traces
the locad. Note the constant “off” load
plus brief intervals of television usage.
The black curve is battery voliage, as
indicated on the right-hand scale. The
battery reached absorption stage on
days 301 and 302 and also showed
intervals of float stage—indicating a
fully charged battery— at the end of
both days. The green curve indicates
battery charge as a percent of capac-
ity. The first dery made only a small
positive contribution to the battery
charge, but the sunny day that fol-
lowed made vp for the deficit. Note
that the falling edge of the solar

power on the sunny day is not due to a decline in illumination, but reflects the diminishing current demand in maintaining
absorption-stage vollage. Additional data samples are available at hitp:// physics.ucsd .edu/ ~tmurphy/ pv_for_pt. himl.
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Estimation of PV Performance

“1-sun” (“peak sun hour”)of insolation is defined as 1 kW/m?2

(EX)5.6 kWh/m2-day = 5.6 h/day of 1-sun = 5.6 h of “peak sun”

P.. =AC power delivered by an array under 1-sun insolation.

Daily kWh delivered = [rated AC power]*[number of hours of peak sun]
Rated AC Power = Rated DC Power * Conversion_Efficiency

Area Under Curve = Solar Insolation

»

1 KWim*

-

kWh/m’
Energy (kWh/day) = Insolation (dm) A (m*) -7
ay

A 1s the area of the PV array

7 1s the average system efficiency over the day.

Solar Radiation

T Lo

Time of Day Peak Sun Hoursnme sy

Dc power trom the system [-sun of insolation,

1 kW "
Pdc{kW} = > A (M7) - Ni—sun

m?
N1—sun 15 the system efficiency at 1-sun.

R‘.L,{k\:’\r’} = P (KW) - [Dc-AC Conversion Efficiency]
dc

Energy (kWh/day) = P,.(kW) - (h/day of “peak sun’)
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PV Test Condition: STC and PTC
STC (Standard Test Condition)

1-sun iiradiance - AM1.5 air mass ratio
25°C cell temperature

DC output of an array: Ppc grc.
P.. = Pocstc ™ (Conversion Efficiency)

PTC (PVUSA Test Condition)
1-sun irradiance in the plane of the array
20°C ambient temperature
Wind speed of 1 m/s

AC output of an array: P, pr,
Better indicator of the actual power delivered in full sun
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Energy Calculation with Rated Power and Peak
Sun Hour

http://rredc.nrel.qov/solar/pubs/redbook/

The amount of solar energy in hours (“peak sun” hours) received
each day on an optimally tilted surface during the worst month
(“design month”) of the year.

Rated AC Power = Rated DC Power * Conversion_Efficiency

ENERGY = Rated Power * Conversion Efficiency * Peak Sun_Hour/Day * 365 Day/Year
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PV Energy Delivery Calculation

Estimate the annual energy delivered by the 1-kW (dc, STC) array
in Madison, WI, which south-facing, and has a tilt angle equal to its

latitude minus 15°. Assume the dc-to-ac conversion efficiency at

72%.

Insolation Table for Madison, WI

Madison, WI

Latitude 43.13°N

Tilt Jan Febr Mar  Apr May Jun July  Aug  Sept Oct MNow Dec Year
Lat — 15 3.0 39 45 5.1 5.8 6.2 6.2 5.7 4.8 3.8 2.5 2.3 4.5
Lat 34 4.3 4.7 5.0 5.5 5.7 5.8 3.5 4.8 4.0 2.8 2.6 4.5
Lat + 15 3.6 44 46 4.6 4.8 4.9 5.0 5.0 4.6 4.0 2.9 2.8 4.3
90 3.5 4.0 3.7 3.2 2.9 2.8 2.9 3.2 3.4 3.3 2.6 2.7 3.2
I -Axis (Lat) 3.9 5.0 5.8 6.4 7.3 7.8 7.7 7.1 6.0 4.8 3.2 3.0 5.7
Temp. ("C) —4.0 —1.1 5.3 137 20,5 257 280 264 219 155 6.7 —1.2 13.1
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Solution

From 72% Conversion efficiency
P..=1.kW*0.72 = 0.72kW

From the Insolation Table, the annual average
insolation is 4.5 kWh/m?-day

Same as 4.5 h “peak sun’/day
Energy Calculation

Energy = 0.72 kKW x 4.5 h/day x 365 day/yr = 1183 kKkWh/yr

ENERGY = Rated Power * Conversion Efficiency * Peak Sun_Hour/Day * 365 Day/Year
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Capacity Factor = ['Peak Sun Hour"/24 ]

Capacitor Factor (CF): Ratio with Rated Power
CF of 0.4 means:

the system delivers full-rated power 40% of the time and no
power at all the rest of the time, or

the system deliver 40% of rated power all of the time.
Energy (KkWh/yr) = P,.(kW) - CF - 8760(h/yr)

Energy (KWhiday) = FPg,(KW) - (h/day ol “peak sun’)

(h/day of “peak sun’)
24 h/day

Capacity ftactor (CF) =
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CFs for a number of U.S. cities

CF: 0.16 — 0.26 for fixed south-facing panel at tilt L-15
CF: 0.20 — 0.36 for single axis polar mount tracker
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Grid-Connected PV System Sizing

Assumption
Grid power is always available when needed
No need of energy storage — No Battery needed

Questions
How many kWh/yr are required?

How many peak watts of dc PV power are needed to
provide that amount?

How much area will that system require?
What real components are available ?
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PV System Sizing

Example

An energy efficient house in Fresno (Latitude at 22°)
IS to be fitted with a rooftop PV array that will annually
displace all of the 3600 kWh/yr of electricity that the

home uses.

Question: How many kW (dc, STC) of panels will be
required and what area will be needed?

Assumptions:
Roof is south-facing with a moderate tilt angle
Annual insolation for L-15 is 5.7kWh/m2-day
Dc-to-ac conversion efficiency at 75%
Solar system average 1-sun efficiency at 12.5%




WBAN NO. 93193

LATITUDE: 36.77° N

LONGITUDE: 119.72° W
ELEVATION: 100 meters
MEAN PRESSURE: 1004 millibars

STATION TYPE: Primary

Monthly Radiation (kWh/m®day)

Variability of Latitude Fixed-Tilt Radiation

1 ..
1961-1990 Average
o4t
4 FM A M J Jd A S QG N DY
Solar Radiation for Flat-Plate Collectors Facing South at a Fixed Tilt (kWh/m?/day). Uncertainty +9%
Tili (%) Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec | Year
0 Average 2.1 2 4.7 .3 15 .1 8.0 T2 3.9 4.3 27 L9 5.2
Min/Max | 1.7/27 25/39 37/55|51/70 66/80 7487 | 7684 6376 52/63| 3946 2.0/32 14/26|47/54
Eatiinde =15 huer}adgc 28 4.1 55 5.8 1.6 TR 19 1.5 6.8 55 36 25 57
Min/Max | 1.9/3.9 3.1/53 42/66|54/75 6681 7283 7582 6679 59/73| 4860 2445 1639 |5.1/60
Yoaririe Average 31 4.4 5.7 6.7 T T 7.3 7.3 6.9 6.0 4.1 8 s
Min/Max | 2.0/4.5 3358 43/69 [ 5274 6276 6.67.6 | 70076 6477 6175 | 5.0/65 2.65.1 1746 | 5.1/6.1
Latitude +15 Average 3.2 4.5 3.6 6.2 5.3 6.1 6.3 6.6 6.7 6.1 42 3.0 34
Min/Max | 20/4.8 33/6.1 4.1/69 | 4.8/69 54/67 57/64 | 60/65 5869 5872| 5l/e6 2.6/54 1.7/50|47/58
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PV Sizing Solution

Roof is south-facing with a moderate tilt angle
Annual insolation for L-15 is 5.7kWh/m?2-day
DC-to-AC conversion efficiency at 75%

Solar Cell efficiency at 12.5%

1 . Annual Ener‘gy Eq ua‘“on Energy (kWh/yr) = P,.(kW) - (h/day @ |-sun) - 365 days/yr

2. AC Power

3. DC Power

4. Area Calculation
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Excel Solution

- —— —
FAIR ™ B bk . PV Sizing.xdsx - Microsoft S
Home Insert Page Layout Formulas Data Review View Acrobat
=5 & et - i — =
Calibri 11 ~| A A == |§| AP~ = Wrap Text General - =
Paste : B I U - | HEi~| - & - = = = | 5 £EF @Merge B Center = $ - Y, 9 =0 ;98 | Condit
= «-f £ £ 3 Format
Clipboard T7a Font = Alignment = Mumber (5
F27 - (= I |
| A 2| 0B & D | E & s |
1 fpeak sun [h/day] Solar 1-sun effic DC2AC effi kwh/yr required to produce Pac [kwW] Pdc [kW] Area(m2)
2 5.7 0.125 0.75% Io00  1.73035328 2.307138 18.4571
3 4.7 0.125 0.75 Jo00 2.09851355 2.798018 22.38414
4 | 3.7 0.125 0.75 Io00  2.66567938 3.554239 28.43391
5 14
&
- -
= | =D2/(A2*365)
C D E F G
e YWC2AC effi kwh,/yr required to produce Pac [kW] Pdc [kW] Area(m2)
X‘E 0.75 3000 1.73035328 2.307138 18.4571
= 0.75 3600 2.09851355 2.798018 22.38414
.II 0.75 3600 2.66567/938 3.5354239 28.43391
BEQ.6 PV
Sizing.xlsx
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Practically, PV and Inverter Modules

Sharp Kyocera Shell Uni-Solar
Module: NE-K125U2 KCI158G SP150 SSR256
Material: Poly Crystal Multicrystal  Monocrystal  Triple junction a-Si

Rated power Py, ste:
Voltage at max power:
Current at max power:

Open-circuit voltage V!
Short-circuit current {g¢:

Length:
Width:
Efficiency:

125 W 158 W 150 W 256 W
26.0 V 232 V 34 V 66.0 V
480 A 6.82 A 440 A 3.9
323V 289 V 434 V 952
546 A 7.58 A 4.8 A 4.8
1.190 m 1.290 m 1.619 m 11.124 m
0.792 m 0.990 m 0.814 m .420 m
13.3% 12.4% 11.4% 3.5%

Manufacturer:

XNantrex

XNantrex

Xantrex

Sunny Boy

Sunny Boy

Model:

AC power:

AC voltage:

PV wvoltage range
MPPT:

Max input voltage:

Max nput current:

Maximum efficiency:

STXR1500
1500 W
211-264 V
44 -85 V

120 V

92%

STXR2500
2500 W
211-264 V
44—-85 V

120 V

94%

PV 10
10,000 W
208 V., 3db
330-600 V

600 V
31.9 A

95%

SB2000
2000 W
198-251 V
125-500 V

500V
10 A
96 %

SB2500
2500 W
198-251 V

250-550 V

600 V
11 A
Q4%
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Sizing Solution -- Continued

PV Module selection

Kyocera

Module: KC158G

Kyocera KC158G 158-W module: 23.2V

Number of modules? f

From DC Power = 2300W-> 2300/158=14.6
a~AANACAANANAS
2-string: 23.2x2=46.4V

3-string: 23.2x3=69.6V --- Pick this. Open
Circuit voltage (28.9x3=86.7V) is still below
120V max of the STXR2500 inverter

3x5 (15 modules)

Inverter Module

Xantrex STXR2500 Inverter:
MPPT Input voltage 44-85V

\

Material:
Rated power Py, stc:

Voltage at max power: 232V
Current at max power: 6.82 A
Open-circuit voltage Vge: 289 V
Short-circuit current fge: TSR A

Y

Area= 15 modules x 1.29 m x 0.99 m = 19.1 m~ (206 I'lz}
Pycsre = 158 W/ module x 15 modules = 2370 W

Energy = 2.37 KW @x 5.7 hfday x 365 day/yr = 3698 KWh/yr

\/7'5 ”

Length: 1.290 m
Width: 0.990 m
Efficiency: 12.4%
Manufacturer: Xantrex
Model: STXR2500

AC power: 2500 W

AC voltage: 211-264 WV
PV voltage range 44-85 V
Mas—input voltage: 120 V_=2

Max input current:
Maximum efficiency:
A

Q4%

7°

p
Y,




Cost - Example

18 o i
DIY PV System Costs

Item Cost
28 Evergreen PV modules (blems) $18,514
PVPowered inverter 2,895
Misc. electrical B A 2
PV support, homemade 2,437
PV rack, homemade 1,684
Travel expense (to pick up parts, equipment) 861
Books 132
Total $29,165
Less 30% Tax Credit $8,750
Grand Total $20,415
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Fmal DeSIQn NEC Article 690

Other requirements I
NEC — 600V max voltage limit —
Fuse and disconnect switch: withstand 125% of expected dc voltage B

Consider potential exceeded solar insolation: give 125%
Combiner fuse rating: (7.58 PV short circuit current)x(1.25)x(1.25) =11.8A

Array disconnect switch rating: 11.8Ax 5 = 59.2A

Inverter fuse rating (125%): 1.25x[2500W/240V]=13A = aa

Combiner

5

- + + + + [ 12-A Array —

fuses disconnect Inverter Utility
_ I!l !l I! |! 60-A 2500 W disconnect E'd
[ | I | | fice 240 V 15-A r
_ U -I “ |.. Array
EINRDN
- T = =] = 19.1 m?
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LY — c— -
Mlxlng Gnnduc:tnrs of Different Systems ||

NEC Article 690

——
F DC Disconnect #1
>

AC Disconnect

- - r--..-—-—"""" 5
. aae q & e ' mﬂltwsdh_tnq:!‘

ToAC
Grid
PY s:.-'slern conductors, (dolac) are parmilted in the same
raceways, outlet and junction boxes, or similar fifimgs but |
. must be entirely independeant of non-PYV system wiring.

Inverter Dutput Clrc:u'rt Current

A3
The inverter outpul circuit current
is the continuous ocutput current
mark-ed on the inverler nameplale,

Acle 690, which consists of nine parts, provides
electrical requirements for photovoltaic (PV) systems.

PV source circuits [690.4(B)(1)].
PV output and inverter circuits [690.4(B)(2)].
Multiple systems. Conductor of each system where

Imr rer

CmarTight S, wrave Mkl ol oo

multiple systems are present [690.4(B)(3)]. inverter Quiput Gireui - OGFD
Module connection. Arrange module connections so OERD = Invararaciontait cilment pating X129
the removal of a module doesn't interrupt the lll ~——| ocro-zuaxias
grounded conductor to other PV source circuits :

[690.4(C)].




NEC Article 690

Overcurrent Protection PV Maintenance Disconnect
Circuits and Equipment 690.13Ex 2 = W
690.9(A) Ex e =
PV Source Combiner s
Circuits Disconnect = | o VATl e
=1 Inverter A grounded conductor
Efl x [® ' o @8 can be switched when the
P = LE =t ' X ' v, disconnect is:
T L’ 2 153 (1) Used only for PV arra
Combiner o Gt S5m { )maintena\:’lce *
(2) Accessible only by Ll
Overcurrent protection isn’t required for PV dc circuits qualified persons
. . (3) Rated for the maximum
where the short-circuit currents (Isc) from all sources
: 2 = : voltage and current
doesn’'t exceed the ampacity of the PV circuit conductors. e

PHOTOVOLTAIC
DC DISCONNECT

SHORT CIRCUIT CURRENT: 73 AMPS
OPEN CIRCUIT VOLTAGE: 466 VOLTS DC

Caombaner Bax AL Dhsconnece

Elcctrical Pancl

(150 - 225 Amp)

OPERATING CURRENT: 67 AMPS
OPERATING VOLTAGE: 33T YOLTS DC

C Disconnect

Tramsformer

Imveser
(5000 10 S 280VALC)
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Grid-Connected PV System Economics

Estimation of the cost of electricity generated by PV

Amortizing cost of Principal (P $) over a period (n year) with interest rate of |
for Loan payment.

Annual Payment (A $/yr) divided by Annual kWh - $/kWh
CRF (Capital Recovery Factor): CRE(i. n) — i1+ )"

Annual Loan Payment (A): A— P.CREG. m) (14" —1

Example: A PV system costs $16,850 to deliver 4000 kWh/yr. If the
system is paid for with a 6% 30-year loan, what would be the cost of
electricity, ignoring income tax benefit, loan tax deduction, etc?

(140" 0.06(1.06)3°
(1L 4+ — 1 (1.06)30 — 1

CRF(i, n) =

— 0.07265 /yr

A =P CRF(i,n) = $16,850 x 0.07265/yr = $1224/yr

. . . $1224/yr e ok
Cost of electricity = = = $0.306/kWh
" 4000 KWh/yr 101




Excel Solution

Sl j
Home Insert Page Layout Formulas Data Review W K‘--:.,
'LE] ‘* Calibri 11 v A4 = == @ = Wrag =
F'_.':|ste AT B 7 U-|3-|8-A-| == = | &= s= | BEHWer (| ] ]
- j - = — = == =5 c
Clipboard Font Alignment PV_COExlsx
G13 - £ |
A B C D E F G H
1 P [$] il n CRF| A [$fyr]| kWh| COE [$/kWh]
2 16850 0.06| 30| 0.072649| 122413 4000 0.31
3 16850| 0.05( 30| 0.065051| 1096.12
a4 16850 0.04( 30 005753 974.44 - — u
5 16850 0.03( 30| 0.051019( B59.67 D2 - b 'ﬂ: [th{l-EBE]ncz}f{{Ez-l-l]ncz 1}
B 16850 0.02( 30 0.04465| 752 356 A B C D E F G H
7 16850 0.01| 30| 0035748 B52.9M .
8 1 P [$] il n CRF| A [$fyr]| kWh|COE [$/kWh]
| 2 | 16850) 0.06] 30 U.HTZE!IEII: 1224.13) 4000 0.3
3 16850( 0.05| 30| 0.065051) 1096.12( 4000 027
4 16850 0.04| 30| 005783] 974.44( 4000 0.24
5 16850 0.03] 30| 0.051019| 859.67( 4000 0.21
B 16850| 0.02] 30| 0.04465| 752.35| 4000 0.19
7 16850 0.01) 30| 0.038748| 652.91| 4000 0.16
8
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