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PV Materials

* There are many different materials used for
PV cells;

* However the marketplace i1s dominated by
three technologies:

~ Monocrystalline silicon (mono-si);
- Polycrystalline silicon (p-Si);
— Thin film.
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Monocrystalline Silicon (mono-si)

* Also called crystalline silicon

* Made out of high grade silicon ingots that are
cylindrical in shape (Czochralski method) EEISSESSS ST

— Their edges are cut = sg. cross section,
significant waste

- Have a even coloring and a
uniform look

* These panels tend to cost

| 8 3
more but have higher
efficiency and longer life i =======

— Example: SunPower E20
series with 20% efficiency

Image: http://solargaincommercial.com.au/sites/default/files/sunpower-solar-power-module.png
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Polycrystalline Silicon (p-Si) or
Multi-cyrstalline Silicon (mc-Si)

* Oldest of the commercial PV panels

* Silicon is melted and poured into square molds
— Result is square wafers, with no side cuts

* Advantages are that they are less
expensive, and result in less waste

* Disadvantage is efficiency is lower
(13-16%); more speckled
appearance

Image: http://dev.msbs.net/Portals/O/images/PolycrystallineSolarPanel.jpg




Thin-Film Solar Cells

* Thin-film solar cells are created by depositing one or

more layers of material onto glass or metal substrate

: . . (arsenieto de galio
— Examples include amorphous silicon (a-St), gallium arsenide

(GaAs), cadmium telluride (CdTe), copper indium gallium
selenide (CIS) (telureto de cadmio, seleneto de cobre-indio-galio)
* Advantages are that they are simple to mass produce,
have a uniform appearance,
and can be flexible

* Disadvantages are they are not
very efficient, and may
degrade faster

Image: http://www.thesolarco.com/images/Why-Choose-
Monocrystalline-Technology _amorphous.jpg
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Solar PV Prices Have Recently

Dropped
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Single Cell Example

Equivalent Circuit:

AMA—o” o
R Idé, + Ir% Rs +
lso v, §Rp v S

oo Oor

T
Assume |, = 5x101L A,
l,.=5A, R,;=5Q, R=0.01 Q.
At 25°C what is V,.?

Isc — Id +\i
5
5=5x10""(e*" —1) + \%

That equation cannot be solved directly, but an iterative
solution can be found (guess a V4 and solve with Newton's
method). Guess V4 = 0.65, next iteration is 0.6504.



Single Cell Example Continued:

V-l Curve

* To generate the output

V-l Curve

- Pick a value of V|
- Solve for I

- Solve for I

=l =g 1
- V=V,R*I
Assume V,;=0.64, | . = 5A

|, =5x107"(e**" —1) =3.245

0.64

I =0.128
3)

p

| =5-3.245-0.128 =1.627
V =0.64-0.01x1.558 =0.624

Equivalent Circuit:

ANN—&
s | * élp A
lso YV, §Rp v g

O

O N

This is one point on the curve



Cells as Building Blocks

* The open circuit voltage of a solar cell is = 0.6 V and
~ 0.5 V when the cell is loaded

* Since 0.5 V is rather low for power applications, it is
rare that we use one individual cell

* |nstead, we use modules, which consist of a bunch of
Individual cells In series, encased in a tough, weather-
resistant package

* The modules are commonly connected into arrays

G- 00 0-[

10



Cells to Modules to Arrays

Rain, hail,
Ice, SnOwW

Local failures,
shadows

Heat, humidity,
Cell Module Array Corrosive gases

Modules — A 12V module has 36 cells wired in series,
eachcell ~ 0.5V

72-cell modules are also common (usually 24 V)

Arrays — combination of modules connected In series
and/or in parallel "

i '
\. y,
%MW




Module with Simple Cell Model

Using the simplest
T v + model of a cell:

V=V +V,+..+V, =nV,
For one cell (in the sun):

I =l - Io(equlkT -1)

SC

N
<

N I 3

S qud/kT:,!sc_|+1
IO
*
lse AV 3 KT .- — 1 +1
V, :—In[ SC 0
g l
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Module with Simple Cell Model

— For the entire module
.- — 1| +1
IscT Y + V:n.k_TIn( SC Oj
q I,
I _ ISC . Io(qu/nkT _1)
Id$ + kT ISC
V...=—In(—+1
|SCT 7V, v | et T g n( I, +1)
| Vocn: n'Vocl
ST s¢ n cells
1 cell ‘J
| I v _
V vV

oc1 ocn
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Module with Parallel-Only Cell Model

T
For one cell (in the sun)
V =nV,
|l 1 Ya
d SC Rp
Vd:k—TIn(l—d+1]
g

For the entire module
KT (ISC ~ 1=V /(nR,) +1)

V=n-—In
g

I _ ISC . Io(qu/nkT _1)_

IO
V
Ro.n
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Module Example

. .=5 A,

1 7SC

Assume 36 identical cells in series with I, = 5x10-11 A
R,=5Q, R=0 Q. At25°C what is V,.?

V
l.=1,+
5% 36
5 5x10 (6% "5 1)+
5x 36

That equation again cannot be solved directly, but an
Iterative solution can be found: V=23.41V
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Module with General Cell Model

[| ¥ ¢ L[| ¥
s

Ny & vV <= M| ¥ &
n

IR L%
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Module with General Cell Model

_ For the entire module:
/ R/\fxn ) D
V =n(V, - IR)
A
|| ¥ 2R Vo vinR =y,

Writing the equations in terms of V and I:

V +1-nR
Ro.N

I _ ISC . Io(eq(V+I-nRS)/nkT _1) .
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Module Example Continued:
V-l Curve

* Generating the V-1 Curve again requires picking a V,
- Pick a value of V|
- Solve for I
- Solve of |,

T

=l -1y
~ V=n(VR*N)

Assume V,=0.64, |, = 5A

|, =5x107"(e**" —1) =3.245
084

p

=0.128

| =5-3.245-0.128 = 1.627
V =36 x(0.64-0.01x1.627) = 22.45
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Modules in Parallel

* Modules in parallel increase the current

+

)

L]

£

13

¥
L |
|

FIGURE 5.38 Multiple strings in parallel for large power arrays.
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Standard Test Conditions

* PV modules are tested under standard conditions of
1 kW/m? and a cell temperature of 25°C.

e Rating Is the power at the maximum power point
(MPP); fill factor is ratio of MPP to V .xI..

P = Pyep
T Isc =
E ,/ Current g
L e = &
LY happ Maximum Power Point™ |
(MPP) i
P=0 il \
0 LA : 0
0 Voltage (V) Vier Yoo

FIGURE 5.40 The /~V curve and power output for a PV module. If drawn under star-
dard test conditions, the MPP identifies the rated voltage Vg, current Iy, and power Py fo-
the module.
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Impact of Temperature and Insolation

T
* Cell output Is sensitive to both temperature and
Insolation (might be on the order of 0.3% per degree C

— Temperature for cell, which might be well above ambient!

IRRAIANCE: AML15, 1kW/m? CELL TEMP. 25'}3
1000W/m*

| ° | Figures
BT ﬁ ~ arefor
i i a Kyocera
o 3\ KC120
N “\ module
| J =N using

2 \ [ o w mc-Si

0 10 20 30 )

nt (A)

A;.__

Voliage (V) Vaoltage (V)

Image: http://www.kyocerasolar.com/assets/001/5180.pdf 2 1



Impact of Shading

* The output of a PV module can be severely reduced
(>50%) If even a small portion is shaded

* Asingle cell in a long string of cells that is shaded
limits the current of the entire string, since cells In
series must carry the same current

* Essentially, a PV cell in the shade acts like a resistor
Instead of a current source in parallel with a diode:

—AA—

R, * lgc IS zero;
* Diode Is reverse
Y oozR biased (0ff);
; * | flows through R;, Rg
! I
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Shading Impact on Output Voltage

T
T oo
\ Y 3R

T ] AV ?éRp
Tl = o
i j [t
T 4 §Rp§ Y \oltage across n non-shaded cells:
| V,=nV, =V
L or n-1 non-shaded cells:
i Y sk _1

¥ - v, , = (n-1v, ==y,
_______________ n
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Voltage Drop due to Shading
T

* Drop in output voltage due to shading = a loss in what it
would produce (V/n) plus a resistive drop (IR)

Y n-1
L Vg = — [V -1(Rs+R,)
Hs#f! * N
50=0p = V
nth cell %’d:{) | bi AV:—+I(RS+RP) RpiS>>Rs!
shaded Rp N |
Vn—‘f ff - -V full sun
. n-1 T
Q: . cells 5 |
\ @ ; %
@) :

(b) Top cell shaded ' T . e S}
Vsn VOLTAGE (V) 1% 24



Shading Example

T
* Assume a 36 cell PV module with per cell R, = 6.6 Q.

In full sun the output current is 2.14 A and the output
voltage 1s 19.41 V. P, ,=41.5W. If one cell is

shaded, and the current stays the same, what is the new

output voltage and power? With one cell
\ shaded the output
V=g HR is < 25% of
19.41 original! Lost
AV =——+2.14x6.6=14.06V " power is dissipated
V. =19.41-14.66=4.75 V as heat in the
- shaded cell.

P.=475x214=102W

new
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Shading Mitigation

* Solution - bypass diodes to bypass the shaded cell

* Instead of an I(Rp,+R;) voltage drop across the
resistors, only a fixed voltage drop due to the diode,
about 0.6 V (or even smaller with special diodes)

* No effect during normal operation

V,=0.5V o V=—0.6V
b b
~ O0A vy p I
J

C_'.)\- - E Bypass
b by

A diode is
o
Sunny cell Shaded cell

| Bypass
A diode

cutoff conducts

I_-"'"‘-\-




Bypass Diodes

* |t may be difficult to add one bypass diode to each

cell;

* |nstead, add the diode to a group of cells such as a

module or string:

o+

For example,
with three diodes
for a module the
voltage would
drop by about 1/3
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Bypass Diode Impact on Module

Shaded

18V

3.6 A

N Off

oV

4.5
4.0

3.5

2.0 -
1.5
1.0+
0.5 1

Current (A)

3.0
254

...............
-~

With diodes, 130 W
3.6 A
36V

Voltage (V)

Bypass
diodes also
prevent
overheating
of shaded
cells

FIGURE 5.50 Showing the ability of bypass diodes to mitigate shading problems in a string

of modules.
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