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Photo-Electricity

Silicon wafer
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Photovoltaic Material and Electrical Characteristics
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
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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 I 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
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PV Manufacturing Cost & Capacity
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PV Semiconductor Physics
Pure crystalline silicon (Si) Solar 
Cells - Group IV  
Other elements added to Silicon 
(Si) to make PVs (Groups III and 
V)

Boron (B)
Phosphorus (P)

Other Solar Cells
GaAs (Gallium Arsenide) Solar 
Cells – Groups III (Gallium) and 
V (Arsenic) 
CdTe (Cadmium Telluride) 
Solar Cells – Groups II 
(Cadmium) and VI (Tellurium)
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PV Semiconductor Physics

Silicon (Si) – Group IV
14 Protons
4 outer valence electrons
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PV Semiconductor Physics

Silicon (Si) – Group IV
Pure Crystalline Silicon ---- Covalent bonds with four adjacent atoms
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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
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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:                                                                          )”
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Band Gap Energy
Band-Gap Energy (Eg)  

Unit: electron-volts [eV]: energy that an electron acquires when its voltage is increased by 
1 V. { 1 eV = 1.6 x 10-19 [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 
then due to 1 fewer electrons forms 

a “hole”  (a net positive charge).
When the electron (                           ),
the energy (from the conduction 
band to the filled band) is released 
as a (                  )  light emitting 

diode (LED)
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Band Gap Energy
Photons with enough energy create hole-electron pairs in a 
semiconductor
Energy of a photon

Sample Calculation: Silicon has a band gap of 1.12 eV and 1 eV = 1.6 
x 10-19 [J] (a) What maximum wavelength can a photon have to create 
hole-electron pairs in silicon? (b) What minimum frequency is that?  
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Band Gap Energy
For Si, photons with wavelength above 1.11 μm 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.
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Solar Spectrum and Band-Gap Impact

AM (Air Mass) Ratio
AM0: Sun in space (no atmosphere) --> Average Radiant Flux of 1.377 kW/m2. 
AM1: Sun is directly overhead
AM1.5: Sun is 42 degrees above the horizon (standard condition) 1 kW/m2. 15

• Maximum 
possible 
fraction of 
the sun’s 
energy 
which may 
be collected 
by a solar 
cell: 50% 



Band Gap Energy
Band-Gap and Cut-Off Wavelength for Electron Excitation

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
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PV Material Silicon (Si) Gallium 
Arsenide 
(GaAs)

Cadmium 
Telluride 
(CdTe)

Indium
Phosphide 
(InP)

Band Gap [eV] 1.12 1.42 1.5 1.35

Cut-off wavelength [μm] 1.11 0.87 0.83 0.92



Band Gap Energy
Maximum 
Efficiency of PVs 
as a function of 
their Band Gap
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AM Ratio and PV plate
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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 III (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
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p-n Junction
Electric Field builds up between p-n junction
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p-n Junction Diode
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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 10-9 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.
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PV Cell
p-n junction exposed to sunlight
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PV Cell Equivalent Circuit

Electron flow

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

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

Open-Circuit Voltage (VOC) & Short-Circuit Current (ISC)
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I-V Curve
Isc (Short Circuit Current) is directly proportional to solar insolation
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I-V Curve Example
Example: Consider a 100 cm2 PV cell with reverse saturation 
current 10-12 A/cm2. In the full sun (“peak sun”), it produces a short-
circuit current of 40 mA/cm2 at 25 °C.  Find the open-circuit voltage 
at full sun and again for 50% sunlight.  Plot I-V curve.
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I-V Curve Example - Plot
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I-V Curve Example - Plot
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More Complex Equivalent Circuit
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More Complex Equivalent Circuit
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Cell to Module
A typical module has 36 cells.
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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 ISC = 3.4 A and at 25◦C 
its reverse saturation current is I0 = 6 × 10−10 A. Parallel resistance 
RP = 6.6 Ω and series resistance RS = 0.005 Ω.

Question1: Find the voltage (Vmodule), current (I), and power delivered 
(P=Vmodule*I)  when the junction voltage of each cell (Vd) is 

(a) 0.50 V.
(b) 0.49 V
(c) 0.51 V
(d) 0.55V

Question 2: What is the maximum power point in terms of current and 
module voltage
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From Modules to Arrays
PV Modules in Series
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From Modules to Arrays
PV Modules in Parallel
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From Modules to Arrays
PV Modules in Parallel and 
Series
Which array is better?
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I-V Curve and Power Output
Maximum Power Point (MPP)
IR: Rated Current
VR: Rated Voltage

37



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 Voc and Isc. (solid_rectangle/dotted_rectangle)
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PV Module Data
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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, Voc drops by 0.37% for each degree Celsius increase in 
temperature, and ISC increases by 0.05% Net result: Decrease in 
maximum power about 0.5%
Kyocera 120-W multicrystal-Si module example
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Temperature and Insolation Effect
NOCT (Nominal Operating Cell Temperature) °C
S: Solar Insolation (kW/m2)
Cell temperature (Tcell)
Ambient Temperature (Tamb)

For Si cells, Voc drops by 0.37% for each degree Celsius 
increase in temperature, and ISC increases by 0.05%. % Net 
result: Decrease in maximum power about 0.5%
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Temperature and Insolation Effect - Example

Impact of Cell Temperature on Power for a 
PV Module. Estimate cell temperature, open-
circuit voltage, and maximum power output 
for the 150-W BP2150S module under 
conditions of 1-sun insolation and ambient 
temperature 30◦C. The module has a NOCT
of 47◦C.
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Temperature and Insolation Effect - Example
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Solar Cell Cooling
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Floating Solar Cells
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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.
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Physics of Shading

48



Physics of Shading
Huge impact on module voltage of shade
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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
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Physics of Shading
Example:  Impacts of Shading on a PV Module. The 36 series 
connected cell PV module (with 1-sun insolation [1 kW/m2], each 
cell’s short-circuit current ISC = 3.4 A , 25◦C reverse saturation 
current I0 = 6 × 10−10 A) had a parallel resistance per cell of RP = 6.6 
Ω and series resistance Rs = 0.005 . In full sun and at current I = 
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?
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Shade Mitigation by  Bypass Diode
Voltage drop problem can be corrected by adding a bypass diode across each cell.
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Mitigation by Bypass Diode
Rp= 6.6 Ω
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 
0.6 V)
2. The voltage increase in 
each cell is trivial
3. The decrease in cell 
current is negligible 53



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
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Impact of Bypass Diode - Details
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Under shaded cell
condition, since unaffected
cells have to make out 80V, 
the Cell voltage is now 
Considered as 20V -> which 
would  be interpreted as the 
module voltage  runs at 100V 
,and corresponding current is 
2.2A.

With bypass diodes,
The cell voltage is now 16V 
each, therefore, the module 
voltage runs  as if 80V, which 
by the I-V curve,
has the current of 3.2 A.



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
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Bypass and Blocking Diode
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Shaded I-V Curve
Suppose a PV module has the 1-sun I-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” I-V curve for the module.
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Shaded I-V Curve
Suppose there is enough shading on the bottom cells to cause the lower diode to 
start conducting. Draw the new “shaded” I-V curve for the module.
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Chapter 9: Photovoltaic (PV) 
Systems



PV System Configurations

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

Stand-alone system: Charge batteries (with or without Generator 
backup) and serves load
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Grid-Connected PV System
Combined Inversion system

Separate Small Inversion System
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Example Stand-Alone PV System
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Operating Point
PV Cell’s I-V Curve
Load’s I-V Curve (DC load case)
The intersection point is the operating point.
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Operating Point - Example
PV Cell’s I-V Curve
Load’s I-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
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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
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Battery I-V Curve

Ideal: Voltage remains constant no matter how much current is 
drawn
I-V Curve: Straight up-and-down line
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Battery I-V Curve
Real Battery
Real battery has internal resistance: V = VB + Ri *I

Charging: Applied voltage must be bigger than VB

Discharging: Output Voltage is less than VB.
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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 Ω. 

(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)
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Charging and Discharging
Charging moves I-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 I-V curve toward left during late afternoon (from PV)
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Voltage Control
Benefit of operating PV near the knee (MPP) of the  I-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
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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.
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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.
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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: Inductor current is essentially constant.
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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 capacitor and load is nearly 
constant. We now have our second insight into this circuit: Output voltage Vo is 
essentially constant (and opposite in sign to Vi )
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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 referred to as pulse-width modulation (PWM).
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MPPT and PV I-V  with Duty Cycle
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Home PV – Experience 

Tom Murphy, “Home Photovoltaic systems for physicists”  Physics Today, July 2008. 78



HOME PV
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A HOME PV
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A Home PV
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A Home PV
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Estimation of PV Performance
“1-sun” (“peak sun hour”)of insolation is defined as 1 kW/m2

(EX)5.6 kWh/m2-day = 5.6 h/day of 1-sun =  5.6 h of “peak sun”
Pac =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
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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: PDC,STC.
Pac = PDC,STC * (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: Pac(PTC)

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.gov/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
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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
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Solution

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

From the Insolation Table, the annual average 
insolation is 4.5 kWh/m2-day

Same as 4.5 h “peak sun”/day
Energy Calculation
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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.
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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

89



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 22o) 
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%
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PV Sizing Solution
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 Cell efficiency at 12.5%

1. Annual Energy Equation

2. AC Power 

3. DC Power

4. Area Calculation
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Excel Solution
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Practically, PV and Inverter Modules
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Sizing Solution -- Continued
PV Module selection

Kyocera KC158G 158-W module: 23.2V
Number of modules?
From DC Power = 2300W 2300/158=14.6
⌧ 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
⌧ Max input voltage: 120V

Check if the energy requirement is met
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Cost - Example 
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Final Design
Other requirements

NEC – 600V max voltage limit
Fuse and disconnect switch: withstand 125% of expected dc voltage
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
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NEC Article 690

Article 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 
multiple systems are present [690.4(B)(3)].
Module connection. Arrange module connections so 
the removal of a module doesn’t interrupt the 
grounded conductor to other PV source circuits 
[690.4(C)].

99



NEC Article 690
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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 i
for Loan payment.
Annual Payment (A $/yr) divided by Annual kWh $/kWh

CRF (Capital Recovery Factor): 
Annual Loan Payment (A): 
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?
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Excel Solution
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