
Daily Total Radiation incident on a tilted surface [kWh/m2/day]

a Summer
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Daily Total Radiation incident on a tilted surface [kWh/m2/day]

a Winter
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Solar Insolation Map - January
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Solar Insolation Map - April
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Peak Sun Hours

aMuch simpler approach for PV

a“Peak Sun Hours”: Total number of hours per 
day in which solar irradiance averages 1 kW/m2 

in worst month.

45

Peak Sun Hour Map

a http://www.oynot.com
/solar-insolation-
map.html

a 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 at 1 kW/m2. 
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Effect of adjusting the tilt angle
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Photo-Electricity

a Silicon wafer
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Photovoltaic Material and Electrical Characteristics
a Photovoltaic (PV): a device that is capable of converting the energy 

contained in photons of light into an electrical voltage or current

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

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

a PV Cell Efficiency

49

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 Æwhich 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 Semiconductor Physics

a For Si PV cells, 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.

a h – Planck’s constant = 6.626^(-34) [J-s]

a v – frequency [Hertz[ 51

Solar Spectrum

a AM (Air Mass) Ratio
` AM0: Sun in space (no atmosphere0

` AM1: Sun is directly overhead

` AM1.5: Sun is 42 degrees above the horizon (standard condition)
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AM Ratio and PV plate
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PV Cell Circuit
a Electron flow

a Equivalent Circuit
` Current source driven by sunlight in parallel with a real diode
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I-V Curve

a Isc: Short Circuit Current

a Voc: Open Circuit Voltage

a “Full Sun”: Peak Sun ---- solar intensity equal to 1 kW/m2. 

55

PV Cells, Modules, and Arrays

a Individual cell: 0.5V

aModule: 

`36 cells in series 
– 12V module

`72 cells in series 
– 24V module

a Parallel – increase 
current

a Series- increase 
voltage
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I-V Curve and Power Output

a Maximum Power Point (MPP)

a IR: Rated Current

a VR: Rated Voltage

57

MPP and FF
a The biggest possible rectangle – the area is power

a 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 Performance Examples
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Insolation and Temperature Effect

a Decrease in insolation, decrease in short-circuit current

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

a Kyocera 120-W multicrystal-Si module example
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Solar Cell Cooling
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Floating Solar Cells

62
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Shading Effect and Bypass Diode

aOutput of a PV module can be reduced 
dramatically when even a small portion of it is 
shaded.

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

aExternal diodes mitigate the impacts of shading

63

Physics of Shading
a All cells under sun

` The same current flows through each cell

a Top cell under shade
` The current source is reduced to zero for the cell

` Now the current from other cells must flow through Rp, which drop the voltage, instead of 
adding voltage.
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Impact of Bypass Diode
a For a 5 PV modules in series delivering 65V to a battery bank – one 

module has 2 shaded cells.

a Charging current drops to 2.2A from 3.3A

a With a bypass diode, the current is recovered to 3,2 A
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Mitigation by Bypass Diode
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Partial Cell under Performance – Blocking Diode
a 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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PV System Configurations

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

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

a Separate Small Inversion System
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Example Stand-Alone PV System
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Operating Point
a PV Cell’s I-V Curve

a Load’s I-V Curve

a The intersection point is the operating point.

a Changes in Operating Points by the changes in resistance
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Operating Point Change over Insolation

a With fixed resistance, the operating point moves down off the MPP 
as the Insolation condition changes and the PV is less efficient
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Battery I-V Curve

a Ideal: Voltage remains constant no matter how much current is 
drawn

a I-V Curve: Straight up-and-down line
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Battery I-V Curve

aReal Battery
a 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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Charging and Discharging

a Charging moves I-V curve toward the right during the 
day (from PV) Æ So current lowers and prevents 
overcharging

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

75

Voltage Control

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

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

a Boost Converter: Step-up

a Buck Converter: Step-Down

a Buck-Booster Converter: Combination
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Circuit Operational Principle
a 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.

a 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.

a 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.

a 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

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

a 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).

78



MPPT and PV I-V  with Duty Cycle
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Estimation of PV Performance

a “1-sun” (“peak sun hour”)of insolation is defined as 1 kW/m2

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

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

a Daily kWh delivered = [rated AC power]*[number of hours of peak sun]
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REMINDER ---- Peak Sun Map

a http://www.oynot.com
/solar-insolation-
map.html

a 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. 
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Home PV – Experience 

a Tom Murphy, “Home Photovoltaic systems for physicists”  Physics Today, July 2008. 82



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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PV Energy Delivery Calculation

aEstimate 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%.

aInsolation Table for Madison
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Solution

aFrom 72% Conversion efficiency
`Pac=1.kW*0.72 = 0.72kW

aFrom the Insolation Table, the annual 
average insolation is 4.5 kWh/m2-day
`Same as 4.5 h “peak sun”/day

aEnergy Calculation
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MathCad Solution
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Detailed Monthly Analysis
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SWERA

a Solar and Wind Energy Resource Assessment

a http://en.openei.org/apps/SWERA/
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Getting data for Insolation and Wind speed

aSelect Korea
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Layers of Data
a Solar

` DNI: Direct 
Normal 
Irradiance

` GHI: Global 
Horizontal 
Irradiance

` TLT: Tilted 
Flat Plate 
Collector

a Wind
` Hub height: 

50m

` Speed in m/s
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Getting data for Insolation and Wind speed

a 1 Click HOMER

a 2 Input: Latitude and Longitude

a 3 Click GET Homer Data
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Data for Homer
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Import XLM File from SWERA

aSWERA
`Lat & Longs Æ Get Homer

`From the XLM data screen
⌧CTRL+S (save to a xlm file)

aNow with HOMER
`File>”Import XLM”

`Wind Resources are automatically filled

`Solar Resources are automatically filled
⌧Lat N, Long E Æ marking error

⌧But kWh/m2 is kept the same.
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Capacity Factor 

aCapacitor Factor (CF): Ratio with Rated Power

aCF 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.

aCF for Grid-Connected PV:
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CFs for a number of U.S. cities

a CF: 0.16 – 0.26 for fixed south-facing panel at tilt L-15

a CF: 0.20 – 0.36 for single axis polar mount tracker
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PV System Sizing

aQuestions
` 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 ?

a 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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Sizing Solution

a Roof is south-facing with a moderate tilt angle

a Annual insolation for L-15 is 5.7kWh/m2-day

a DC-to-AC conversion efficiency at 75%

a Solar Cell efficiency at 12.5%

a 1. Annual Energy Equation

a

a 2. AC Power 

a 3. DC Power

a 4. Area Calculation
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PV and Inverter Modules

101

Sizing Solution -- Continued
a PV Module selection

` Kyocera KC158G 158-W module: 23.2V

` Number of modules?

` From DC Power = 2300WÆ 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)

a Inverter Module
` Xantrex STXR2500 Inverter:

⌧ MPPT  Input voltage 44-85V

⌧ Max input voltage: 120V

a Check if the energy requirement is met
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Excel Solution

103

MathCad Solution
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MathCad

105

MathCad
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MathCad
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Final Design

a 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

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

a PV source circuits [690.4(B)(1)].

a PV output and inverter circuits [690.4(B)(2)].

a Multiple systems. Conductor of each system 
where multiple systems are present 
[690.4(B)(3)].

a 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)].
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NEC Article 690
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Grid-Connected PV System Economics

a 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 Æ $/kWh

a CRF (Capital Recovery Factor): 

a Annual Loan Payment (A): 

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

112



MathCad Solution
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