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• Schedule for the rest of the semester is 

– Lab 11 (project presentations) by the individual teams to their TA ideally before the 

end of classes (on or before April 29)

– Exam 2 on Wednesday April 23 during class; comprehensive but more emphasis on 

material since the first exam; similar format to first exam, closed book, closed notes, 

but two 8.5 by 11 inch note sheets and calculators allowed

– Design project due at 9:30 am on May 1 (i.e., at the end of our final slot; no final)

• The syllabus in Canvas has been updated to show the May 1 date

Announcements
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Solar Photovoltaics (PV)

• Photovoltaics is the conversion of light into electricity using 

semiconductors known as solar cells

– It dates back to 1883, but really got going in the late 1950’s, driven by NASA

– Solar cells produce a dc output, with the right 

image showing an example IV curve

• Solar modules are groups of solar cells; a

PV panel is one or more modules wired

together ready to mount

• A PV system often includes an inverter to

produce ac electricity

• PV panels can either have a fixed mount, or be on a tracker; trackers can 

be one-axis or two-axis 2



Solar Inverters and the Inverter Load Ratio (ILR)

• The amount of dc electricity produced by a solar panel depends 

proportionally on the amount if solar irradiation

– Because of atmospheric attenuation, the amount of irradiation varies

• Solar modules are rated based on the maximum power they could produce 

in full sun; however since this is seldom achieved, usually it makes 

economic sense to rate the inverter to 

be less than the maximum dc power 

• The inverter load ratio (ILR) is the 

ratio of maximum dc power to the 

inverter’s rating; typical values are 

on the order of 1.25 
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Worldwide Solar Capacity by Country, 2023

Source: en.wikipedia.org/wiki/Solar_power_by_country 4

https://en.wikipedia.org/wiki/Solar_power_by_country


Solar PV can be Intermittent Because of Clouds

Intermittency can be 

reduced some when

PV is  distributed

over a larger region; key

issue is correlation

across an area; also 

sometimes there is 

integrated storage

Image: http://www.megawattsf.com/gridstorage/gridstorage.htm
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Impact of April 08, 2024 Eclipse on Solar 
Generation

• Solar generation is impacted by eclipses, with the total solar eclipse on 

April 08, 2024 and the annular one from October 14, 2023 great examples

• Unfortunately, these are quite rate events, with the next major one in the 

Texas area not due to occur until 2045
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Modeling Solar PV

• Since a large portion of the solar PV 

is distributed in small installations in 

the distribution system (e.g., residential 

rooftop), solar PV modeling is 

divided into two categories

–  Utility Scale, which is considered 

a single generation plant

– Small scale, as part of the load model

• For the US 28% is at small installations,

but in California its is 41% while in

Texas it is 11%; trend is towards utility 

scale
Image: EIA Electric Power Monthly, Feb 2025 7



Distributed PV System Modeling

• PV in the distribution system is often operated at unity power factor

– There is research investigating the benefits of changing this

• IEEE Std 1547-2018 now allows both non-unity power factor and voltage 

regulation

– “Constant power factor mode with unity power factor setting shall be the default mode 

of the installed DER unless otherwise specified by the Area EPS operator”

• A simple model is just as negative constant power load

• An issue is tripping on abnormal frequency or voltage conditions

– IEEE Std 1547-2018 says, "For short-circuit faults on the Area EPS circuit section to 

which the DER is connected, the DER shall cease to energize and trip unless specified 

otherwise by the Area EPS operator  (note EPS is electric power system)
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Distributed PV System Modeling

• An issue is tripping on abnormal frequency or voltage conditions (from 

IEEE 1547-2018

– This is a key safety requirement!

– Units need to disconnect if the voltage is < 0.45 pu in 0.16 seconds, in 1 second 

between 0.45 and 0.6 pu, in 2 seconds if between 0.6 and 0.88 pu; also in 1 second 

if between 1.1 and 1.2, and in 0.16 seconds if higher

– Units need to disconnect in 0.16 seconds if the frequency is  > 62 or less than 57 

Hz; in 2 seconds if > 60.5 or < 59.5

– Reconnection is after minutes

– Values are defaults; different values can be used through mutual agreement 

between EPS and DR operator
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In the News: California PUC Proposes Changes to 
State Net Metering

• One of the reasons for large amounts of residential solar PV in states 

such as California is their net metering interconnection agreements. For 

agreements signed before April 2023 household solar generation not 

only offsets the local electric load, but the utilities are required to buy 

excess power at retail rates

– These retail rates would be paid for 20 years

– Starting April 2023 the credits are only for wholesale rates (average change from 

$0.30 per kWh to $0.08 per kWh)

• In California AB 942 (evidently supported by the California PUC) 

would change existing customers to the new net metering 

• Texas does not have state rules on net metering, though some utilities 

provide some form of solar buyback programs
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Solar Stability Models 

• The stability models for representing solar are very similar to those used 

for the wind machine and “exciter”
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Grid Following and Forming Converter Models

• All the IBR models presented so far are called “Grid Following Inverters”

• Some newer inverters are “Grid Forming Inverters”

– These terms are very loosely defined

– Terms refer to the hardware technology and the control system software that is driving 

that hardware

• Grid Following Inverters

– Control algorithms assume the device is connected to an AC power system

– Control synchronizes the inverter to this AC system

• Grid Forming Inverters

– Control algorithms do not assume anything

– Inverters can operate in an islanded power system as the only generator 
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Electric Energy Storage, Pumped Storage

• Traditionally electric grids have had little storage capability

• What did exist was pumped storage hydro, in which water is pumped up 

into a reservoir when electricity prices are low, and then run through 

hydro generators when the price was high; efficiency can be about 80%

– US has 23,000 MW of capacity; largest pumped storage in US is 3000 MW at Bath 

County (VA) and a storage capacity of 24,000 MWh; 
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Electric Energy Storage, Batteries

• Driven by the rapid decrease in battery prices, large amounts of batteries 

are now being deployed for storage; known as BESS (Battery Energy 

Storage Systems)

– Lithium-ion batteries are the most common,

offering a balance of energy density, power

output and lifespan

– BESS prices are currently about $150/kWh

– Lifespan might be 5000 cycles

• BESSs can be used for peak shaving, 

load shifting, flexibility and 

improved resiliency

• A BESS is often included with new solar installations
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Blackouts and Restoration

• Modern society depends on a

reliable electric grid.

• Blackouts are costly, with

some estimates of costs above

$100 billion/year in the US.

• Blackouts can differ substantially in their 

impact, with most caused by local, lower 

voltage distribution issues. 

• In May/June 2023 Jeff Dagle and I edited

a special IEEE Power and Energy 

Magazine issue on blackouts

– It is free for IEEE PES members  15Upper right image: New York Daily News Archive



Electric Grid Operating States

• The goal of electric grid planning and operations is to prevent blackouts. 

Still, they do occur, and when they do the focus switches to restoration

• Blackouts come in all different

sizes, with the vast majority

local issues in the distribution 

system that can be quickly

fixed with resources the utility 

already has

• There is a much greater 

challenge for large-scale 

blackouts, especially with equipment damage

Image source: US National Academies 2017, Enhancing Resilience of US Electric Grid Report 16



The Real Cause of Most Blackouts!

Photo source: http://save-the-squirrels.com
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Most outages occur in the 

distribution system, and many 

of those are caused by animals 



And Sometimes It’s the Trees
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Standard Indices for Small Events (IEEE Std 1366-
2022)

• System Average Interruption Duration Index (SAIDI) represents the 

average amount of time the supply to a customer is interrupted per year 

(expressed in minutes per year)

• System Average Interruption Frequency Index (SAIFI) represents the 

average number of times per year the supply to a customer is 

interrupted per year (expressed in interruptions per year)

– Both are averages for a system, so some people have higher values, some lower
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IEEE Std 1366-2022 Major Event Days (MED)

• A MED is a day in which the SAIDI exceeds a threshold; all indices 

are calculated with the MEDs removed

– Typically one per year (give or take)

– Purpose of removal is to allow indices to give good indication of normal 

operational and design stress

– MEDs are analyzed separately

– Just looking at standard indices doesn’t indicate what is really going on.
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Comparison of International Reliability Indices

Source: Table 2 of http://www.fas.org/sgp/crs/misc/R42696.pdf
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SAIDIs Without and  With Major Events

Source: US EIA; a good IEEE report with more recent data is 

cmte.ieee.org/pes-drwg/wp-content/uploads/sites/61/2022-Benchmarking-Survey.pdf
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A Good Source for US Power Outage Information

• https://poweroutage.us/
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