
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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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
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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 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[ 96



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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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
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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
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Maximum Power Point
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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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
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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

114



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.

116



Charging and Discharing

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

a “1-sun” 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 power]*[number of hours of peak sun]
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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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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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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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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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Grid-Connect 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
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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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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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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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Stand-Alone PV Systems
a When grid is not nearby, electricity becomes more 

valuable, and stand-alone power system can provide 
enormous benefit, and complete, instead of $0.1/kWh 
utility power, with $0.5/kWh gasoline or diesel 
generators.

a A general stand-alone PV system with back-up 
generator and separate  outputs for AC and DC 
loads.
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Design Process for Stand-Alone System
a Load study

`Know your object and (future) target : Pac

a Inverter and System Voltage (12, 24, or 48V)
`Relevant to PV output voltage

a PV Sizing
`Pdc, efficiency, Area, Voc, and Isc.

a Battery Sizing
a Hybrid PV System (Generator Sizing)
a System Cost Analysis

`COE ($/kWh)
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Load Study 

a TV: 100 W Vacuum Cleaner: 1000 W Ceiling Fan: 100 W
a Computer: 125 W Laptop: 20 W Clothes Washer: 250 W
a Window A/C: 1200 W Iron: 1000 W Component Stereo: 40 W
a Clock Radio: 2 W Electric Blanket: 60 W  Microwave: 1000 W
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Example Electricity Demand
a A modest household monthly energy demand for a cabin:

` 19-cu ft refrigerator
` 6 30W compact fluorescent lamp (5h/day)
` 19 in TV (3h/day) connected to a satellite
` Cordless phone
` 1000W Microwave (6 min/day)
` 250W Washing machine (30 min/day)
` 100W pump for 100ft deep well that supplies 120 gallons/day (1.25 h/day)

a Power and Energy Demand (3.11kWh/day)
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System Voltage

a System voltage: Inverter dc input voltage = battery bank voltage = 
PV array voltage

a High voltage: 
` low current Æ minimize wire loss
`More batteries in series

a A guideline: 
`Keep the maximum steady-state current drawn below around 100A Æ

readily available electrical hardware and wire size can be used
`Suggest system voltage

a BOS (Balance of System): Balance of equipment necessary to integrate PV array 
with site load, which includes the array circuit wiring, fusing, disconnects, and 
inverter 144



Batteries
a Comparison of Battery Characteristics
a SLI: engine Starting, vehicle Lighting, and engine Ignition

a Lead-Acid: Cheapest, highest efficiency
a NiCd: Expensive, longer life cycle, dischargeable 100% without 

damage, more forgivable when abused
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Nickel Cadmium Battery
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Sodium Sulfur Battery
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Vanadium Redox (Reduction-Oxidation) Battery
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Lead-Acid Batteries
a 1860s: Raymond Gaston Plante first fabricated battery cells with corroded 

lead-foil electrodes and a dilute solution of sulfuric acid and water
a Chemical reaction in discharge

a ¾ of the $30 B global market are for automobile SLI (400 – 600 A for starting, 
after that alternator quickly recharges the battery. Not for deep discharge)

a 2 V per cell
a Deep Discharge type: thicker plates, greater space around the plates, big and 

heavy, can be discharged by 80%
a Biggest utility battery bank: 10MW (5000A at 2kV) for 4 hours in to grid 

(Chino, CA) 149



Installed Large Scale Battery Energy Storage

150



Installed Large Scale Battery - Continued

a Exterior and interior views of the 2MWh VRB system at Castle Valley, UT.
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NaS Battery Project 
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Battery Storage Capacity
a Energy Storage: Amp-hour (Ah) at a nominal voltage and at a 

specified discharge rate
a Ah capacity [C] that would drain from 2V {full charge} to 1.75V {full 

discharge}
a 12-V 10-h 200-Ah: delivers 20A for 10 h, then the voltage drops to 

6x1.75=10.5 V, considered as fully discharged.
a Discharging rate: C/h Ådelivering current
a C/20 rate is standard in PV system
a Example of Deep-Cycle Lead-Acid Battery Characteristics
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Battery Storage Calculation
a Example

` Suppose that batteries located at a remote 
telecommunications site may drop to −20◦C. If they must 
provide 2 days of storage for a load that needs 500 
Ah/day at 12 V, how many amp-hours of storage should 
be specified for the battery bank? 

` Assume that, to avoid freezing, the maximum depth of 
discharge at −20◦C is 60%.  

` Also, assume that the actual capacity of the battery at 
−20◦C discharged over a 48-h period is about 80% of the 
rated capacity.

a Solution:
` 1. Energy need for 2 days:  500x2 = 1000 Ah
` 2. Battery storage for 2 days with discharge no more than 

60% (which means that 60% of the stored energy must 
be able to cover the energy need): Battery storage= 
1000Ah/0.6 = 1667 Ah

` 3. Since the actual capacity is only 80%: Battery storage 
= 1667 Ah/0.8 = 2083 Ah
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Battery Wiring 

aSeries: Voltages add Æ Ah remains the same
aParallel: Currents add Æ Ah adds
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Battery Sizing
a Statistical nature of weather
a No set rules about how best to size battery storage except the cost trade-

off
a Battery system of meeting demand 99% of the time may be 3 times higher 

than that of meeting 95% of the time.
a The number of days of storage to supply a load in the design month [the 

month with the worst combination of insolation and load]
a Days of “usable battery storage” needed for a stand-alone system
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Battery Sizing 

a Nominal rated storage vs. usable storage:

a Variables:
`MDOD (maximum depth of discharge): 0.8 for lead-acid; 

0.25 for auto SLI
`(T,DR): Discharge Rate Factor under a given 

Temperature
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Battery Sizing Example
a A cabin near Salt Lake City, Utah, has an ac demand of 3000 

Wh/day in the winter months. A decision has been made to size the 
batteries such that a 95% system availability will be provided, and a 
back-up generator will be kept in reserve to cover the other 5%.  
The batteries will be kept in a ventilated shed whose temperature 
may reach as low as −10◦C. The system voltage is to be 24 V, and 
an inverter with overall efficiency of 85% will be used.

a SOLUTION APPROACH
` 1. AC load Æ DC load demand (with 85% inverted efficiency)
` 2. Battery Capacity (Ah)
` 3. Usable storage (Ah)
` 4. Nominal capacity (Ah)

⌧ Assumption:  80% deep discharge ÅMDOD
⌧ Assumption:  95% discharge rate Å (T,DR)

` 5. Battery Bank Design
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SOLUTION - details
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Battery Selection - Example

a 871 Ah @ 24V
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Hybrid PV Systems
a Supplying load in the worst month (“design month”) is much more 

demanding than the rest of the year
a Hybrid system option: Most of the load covered by PV and the 

remainder supplied by a generator
a Key decision: relationship between shrinking the PV system and 

increasing the fraction of the load carried by the generator
a Example (Salt Lake City case) of significant reduction in PV size 

while covering high fraction of the annual load.

a PV system designed to deliver only 50% of the load in the design 
month will still cover about 80% of the annual load
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Batteries and Generators for Hybrid PV Systems

a Battery Storage Bank: 
`can be smaller since the generator can charge during the poor 

weather condition
`nominal 3-day storage system is often recommended

a Generators: 5 kWh/gallon
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Capital Cost Reduction in Hybrid PV
a Capital Cost Impact

– COE Impact 
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PV-Powered Water Pumping
a Most economically viable PV application
a Water pumping in remote areas: raise water from a well or spring 

and store it in a tank Æ irrigation, cattle watering, village water 
supply

a PV Array directly attached to a DC pump
a No battery is required
a Simple, low cost, and reliable
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Hydraulic System Curves

a Static Head (“feet of water”)

` Typical city water pressure = 60 psi = 140 feet of 
water

a Friction in the Pipe system (roughness inside the 
pipes, # of bends, valves, etc) 165
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Pressure Loss due to Friction 
a Plastic Pipe
a Feet of Water per 100ft of Tube for various tube diameters

a gpm: Gallons per minute
166
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Friction Loss in Elbows and Valves

a Friction loss expressed as equivalent lengths of tube

a
a Interpretation: 0.75in 90-degree elbow adds to the pressure drop of 

the same amount as would 2.0ft of straight pipe.

a Static Head + Friction Head = Total Dynamic Head (H)
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Pumping Head Calculation Example

a A pump is required to deliver 4 gpm from a depth of 150 ft. The well 
is 80 ft from the storage tank, and the delivery pipe rises another 10 
ft. The piping is 3/4-in.diameter plastic, and there are three 90◦
elbows, one swing-type check valve, and one gate valve in the line.

a Q: What is the pumping head?
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Solution
a Length of pipe = 150+80+10=240 ft
a Equivalent pipe length for 3 elbows: 3x2.0=6 ft
a Eq. pipe length for check valve: 5.0 ft
a Eq. pipe length for the gate valve (open): 0.5 ft
a Total Eq. Pipe Length: 240+6+5+0.5=251.5 ft

a Pressure drop at 4 gpm per 100ft pipe: 4.2 ft
a Therefore, the Friction head = [4.2 x 251.5] / 

[100] = 10.5 ft
a Static Head = 150+10 = 160 ft
a Total Head = 160 + 10.5 = 170.5 ft of water 

pressure
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Hydraulic Pumps
a Different flow rate will results in different pump head
a To determine the actual flow for a given pump, we need to know 

the characteristics of the pump
a 2 types of pump for PV-power system

`Centrifugal pump
⌧ Fast spinning impellers create suction input side of the pump and create pressure on 

the delivery side, which throw water out of the pump
⌧ Limited by the ability of atmosphere pressure to push up water into the suction side 

of the pump – theoretical max is 32 ft.

`Positive displacement pump
⌧ Helical pumps: rotating shaft to push water up a cavity
⌧ Jack pumps: oscillating arm drives shaft up and down (like the classic oil-rig pumper)
⌧ Diaphragm pumps: rotating cam opens and closes valves
⌧Most useful in low volume applications
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Hydraulic Pump Curve
a Graphical relationship between head (H) and flow (Q)

a Observations
`Centrifugal pump: Raising the open end of the hose higher and higher 

(increasing the head) will result in less and less flow until a point is 
reached at which there is no flow at all. 

` Flapper valve, diaphragm, or rotating screw in a positive displacement 
pump holds up the water column mechanically, so their flow rates are 
much less affected by increasing head.
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Power delivered by pump
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Pump curves under different input voltages
a Example gpm and pump efficiency 

` Jacuzzi SJ1C11 DC Centrifugal Pump for PV application
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Combination of Hydraulic System Curve and Pump Curve
a Q-H System curve

` Well System (Situation)

a Q-H pump curve
` Pump Capability

a Determine the hydraulic 
operating point

a Observation
`Pump will not deliver any 

water unless the voltage 
applied to the pump is 
at least 36V

`At 45V, about 5 gpm would be 
pumped

`At 60V, the flow would be 
9.5 gpm

`Which one is better? Higher Efficiency?
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PV-Pump Design Process
a 1. Determine the water production goal (gallons/day) in the design month (highest water need 

and lowest insolation)
a 2. Use the design month insolation ( hours at 1-sun) as the hours of pumping, and find the 

pumping rate Q (gpm):

a 3. Find the total dynamic head H at Q.  Friction head may be assumed to be 5% of the static 
head

a 4. Find a pump capable of delivering the desired head and flow Q. Note the input power and the 
nominal voltage.  Pump efficiency for suction pumps is 25% and submersible pumps 35%.

a 5. The number of PV modules in series (15V PV module) from the pump voltage

a 6. The number of PV strings in parallel using pump input power, and PV rated current (IR), and 
de-rating factor (for dirt and temperature effect) with 0.80.

a 7. Estimate the water pumped.
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PV-Pump System Design Example
a Sizing an Array for a 150-ft Well in Santa Maria, 

California. 
`Goal: pump at least 1200 gallons per day from the 

150-ft well.
`Directions

⌧Use Jacuzzi SJ1C11 pump
⌧Use Siemens SR100 15-V PV modules with rated 

current 5.9 A
⌧The worst month (December) insolation is 4.9 kWh/m2-day

`Question: Size the PV array

a Sol.
`1. 
`2.  @4.1 gpm, the hydraulic curve shows that 

about 170 ft of head is needed and at the 
operating point the pump efficiency is about 34% 
Æ estimated pump input power
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Example-Solution (continued)

` 3. At the above operating point, the pump voltage required is a little 
under 45V Æ 3 15-V modules in series

` 4. Number of Parallel Strings (de-rating at 80%) (5.9A – rated current)

So 2 parallel strings.
` 5. Estimated water delivery in December
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Buck Converter as Linear Current Booster
a Low sun Æ not enough torque to pump
a Lower voltage and increase current Æ lower speed pumping, but 

pumping anyway
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