
 
IEEE San Francisco Power Engineering Society 

DG Fundamentals Workshop 
October 18, 2003 

 
 
Registration         8:00 AM 
 

1. Introductory Remarks       8:15 AM 
 

2. DG Principles –Mechanical systems Brian Sekula (Altran)  8:30 AM 
• Renewable types 

• PV module orientation, shading  & insolation level 
• Wind turbine 
• Small hydro 

• Fuel types 
• Fuel Cell 
• Combustion Turbines 

• Conventional gas turbine 
• Micro-turbine 

• Steam turbines 
• Reciprocating Engine 

 
3. DG Principles – Electrical systems     Prof. Liou (SFSU)    9:00 AM 

• PV cell & module  
• Induction Generator 
• Synchronous Generator 
• Inverters 
• Electrical characteristics of the above devices 

• Fault duty 
• Voltage and frequency regulation capability 

 
4. Distribution System Characteristics – Willie Chew (PG&E Dist. Planning) 9:30 AM 

• Radial Configuration 
• Protection 
• Voltage Regulation 

• Network Configuration 
• Protection 
• Voltage Regulation 

• Typical Load Profile  
• Typical distribution system load and fault capabilities 

 
Break          10:30 AM 



IEEE San Francisco Power Engineering Society 
DG Fundamentals Workshop 

October 18, 2003 
(continued) 

 
 

5. Typical DG systems & DG applications – Gary Olson (Cummins)  10:45 AM 
• Typical sizes/configurations/costs 

• $/kW installed 
• $/kWH 

• Emission level & air quality restrictions 
• Stand-alone/Standby/Parallel/utility-interactive/certified/load management 
• Generator/facility Protection 
• Considerations for one or more generator operations 

• Voltage Regulation  
• Frequency Regulation  
• Load Sharing/following/shedding 

 
Lunch          12:15 PM 

 
6. System Impact Review/Interconnection Study     1:15 PM 
– Mohammad Vaziri (PG&E System Protection)      

• DG compatibility with existing distribution system design at the point of interconnection 
• Potential system modifications 
• Interconnection study example 

 
Break          2:15 PM 
 

7. Standards and references  - Chuck Whitaker (Endecon)   2:30 PM   
• CPUC Rule 21 and supplementary review guideline for low and moderate penetration systems 
• IEEE-929 for utility interactive PV inverter systems 
• UL-1741 for certifying utility interactive systems 
• IEEE-1547 and sister standards  

 
8. Bonus presentation on DG interconnection - Anthony Mazy (CPUC/ORA)  3:30 PM 

On the way to a Plug and Play DG 
 
9. Q&A         3:40 PM 
 
Adjourn          4:00 PM 
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What is a Distributed Energy System?What is a Distributed Energy System?

A power source close to the end user of electricity (at 
a home, business or industrial site)

Typically less than 10MW in size
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HistoryHistory

Early power plants were distributed since the 
transmission and distribution system were not 
well developed and many users had to 
provide the power themselves.

Before WWII, many industries had on-site 
generation

After WWII, utilities developed large power 
stations to take advantage of the economics 
of scale and the improved efficiency of larger 
power plants
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Why is Distributed Energy Attractive Why is Distributed Energy Attractive 
Today?Today?

Reliability
The end user can have a higher reliability source of power.

Can Reduce Electrical Grid Expenditures
Local energy production can reduce the load on the 
transmission and distribution grid if done properly and properly
coordinated with the utility.

Efficiency
Distributed energy systems that utilize cogeneration can have a 
higher efficiency than central power plants that only produce 
electricity.

Low Emissions
Fossil fuel powered, distributed energy systems are now 
available with very low emissions and alternative energy 
systems may have zero emissions.
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PhotovoltaicsPhotovoltaics

Principles of Operation
Direct conversion of sunlight to DC electric power
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PhotovoltaicsPhotovoltaics
(cont’d)(cont’d)

Efficiency
100’s of watts to MW size
Depends on efficiency, insolation, orientation and shading

Insolation varies throughout the day.  Peak is about 1000 
watts/square meter.  Daily average is about 250 watts/ 
square meter.
A fixed panel is cheaper than a tracking system but power 
output is reduced.
A typical system will produce about 100 peak watts/square 
meter and about 200kwh/year per square meter.

Special Requirements
Requires an inverter to produce 60Hz AC power of sufficient 
voltage.
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PhotovoltaicsPhotovoltaics
(cont’d)(cont’d)

Advantages
No emissions
No moving parts
Low maintenance
Long life Potential

Disadvantages
Initial Cost
Low utilization factor
Low energy density,  a large surface is required
PV output will decrease if shaded by adjacent buildings or trees
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PhotovoltaicsPhotovoltaics
(cont’d)(cont’d)

Good Applications
Low power remote applications away from the grid
Large flat roofed warehouses and stores are an ideal location
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Wind TurbineWind Turbine
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Wind TurbineWind Turbine
(cont’d)(cont’d)

Principle of Operation
Convert the kinetic energy of the wind to rotational motion of a
generator
Use of variable speed generators and inverters allows variable 
speed operation

Increases efficiency
Reduces blade loads and weight

The most successful designs are horizontal axis with 3 blades.

Efficiency
Approximately 20 –40%
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Wind TurbineWind Turbine
(cont’d)(cont’d)

Power Output
100s of watts to 5MW
Power is proportional to wind speed cubed and diameter 
squared
A 25ft diameter wind turbine produces about 10KW at 25mph 
wind speed
Typical capacity factor approximately 25%

Special Requirements
Need to be in areas of consistent high wind speeds
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Wind TurbineWind Turbine
(cont’d)(cont’d)

Advantages
Relatively low cost
No emissions

Disadvantages
The end user of electricity rarely is in a high wind area and there 
are restrictions on installation of towers.
Weather dependent

Good Applications
Limited use by individuals in remote areas
Principal use is in large wind farms

Not a typically distributed generator
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Small HydroSmall Hydro

Principle of Operation
Converts the potential energy of falling water into rotation of a 
generator.
Typically use Pelton wheels
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Small HydroSmall Hydro
(cont’d)(cont’d)

Efficiency
About 80%

Power Output
100’s of watts to MW’s
A function of available head and water flow

Special Requirements
Require penstocks and sometimes dams

Advantages
Low cost

Disadvantages
Limited sites
Permitting is difficult
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Small HydroSmall Hydro
(cont’d)(cont’d)

Good Applications
Remote sites
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Conventional Gas TurbineConventional Gas Turbine
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Conventional Gas TurbineConventional Gas Turbine
(cont’d)(cont’d)

Principles of Operation

COMBUSTOR

COMPRESSOR TURBINE ~

GENERATOR

AIR

POWER

FUEL

Principles of Operation
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Conventional Gas TurbineConventional Gas Turbine
(cont’d)(cont’d)

Efficiency
20-40% (size dependent)
Up to 80% when used for cogeneration

Fuels
Natural gas, liquid fuels

Power Output
500 KW – 100 MW
Dependent on ambient conditions
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Conventional Gas TurbineConventional Gas Turbine
(cont’d)(cont’d)

Special Requirements
High pressure gas or gas compressor required
To meet California emissions limits

Use only natural gas and
Steam injection or
Selective catalytic reduction

In hot areas inlet air chillers or evaporative cooling helps 
maintain power output
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Conventional Gas TurbineConventional Gas Turbine
(cont’d)(cont’d)

Advantages
Low capital cost
Proven technology

Disadvantages
Air permitting required
Relatively skilled operating and maintenance personal required

Good Applications
MW size cogeneration at industrial facilities
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MicroturbineMicroturbine

Principles of Operation
Similar to conventional gas turbines but typically use single 
stage compressor and turbine.
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MicroturbineMicroturbine
(cont’d)(cont’d)

Efficiency
20-28%
Up to 80% when used for cogeneration

Power Output
25-500KW

Fuels
Natural gas, liquid fuels, landfill gas (down to 350 BTU/scf)

Special Requirements
Require 100psi gas or compressor
Cogeneration works best when providing hot water
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MicroturbineMicroturbine
(cont’d)(cont’d)

Advantages
Physically small, packaged systems available with all controls 
and electrical protective functions
Relatively low capital cost
Meet California emissions requirements
If used base loaded, yearly maintenance is limited to air filter
replacement

Disadvantages
5 year life
Life will be reduced by frequent starts and stops and cycling
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MicroturbineMicroturbine
(cont’d)(cont’d)

Good Applications
Cogeneration at commercial and industrial sites
Landfill power
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Internal Combustion EnginesInternal Combustion Engines

Principles of Operation
Use either Otto cycle (similar to automotive engines) or diesel

Efficiency
25-45%

Fuels
Natural gas, diesel, landfill gas, digester gas

Power Output
5KW - 7MW
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Internal Combustion EnginesInternal Combustion Engines
(cont’d)(cont’d)

Special Requirements
To meet California emissions requirements require SCR and 
use of natural gas

Advantages
Technically mature, widely used technology

Disadvantages
High noise
Emissions
Maintenance
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Internal Combustion EnginesInternal Combustion Engines
((cont’d)cont’d)

Good Applications
Cogeneration (using jacket water) at commercial and industrial 
sites
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Steam TurbineSteam Turbine

Principles of Operation
Expand steam to produce rotation of a generator

Efficiency
Approximately 20-40% cycle efficiency

Fuels
Boiler required

Can burn a variety of fuels
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Steam TurbineSteam Turbine
(cont’d)(cont’d)

Power Output
KW – MW size

Special Requirements
Requires a boiler with sufficient pressure and temperature 
steam
Requires overspeed protection
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Steam TurbineSteam Turbine
(cont’d)(cont’d)

Advantages
Low cost if boiler exists

Disadvantages
Typical commercial and industrial boilers do not provide high 
pressure steam

Good Applications
Limited uses for distributed generation
May be part of a combined cycle plant in which gas turbine 
waste heat is recovered in a heat exchanger to run a steam 
turbine.
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Fuel CellsFuel Cells

Principles of Operation
Four types under development

Phosphoric Acid (PAFC)
Molton Carbonate (MCFC)
Solid Oxide (SOFC)
Proton Exchange Membrane (PEMFC)

Similar to a battery (chemical reaction)
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Fuel CellsFuel Cells
(cont’d)(cont’d)

Hydrogen mixes with air, is broken down into protons 
and electrons, and positively charged ions move 
through the electrolyte across a voltage to produce 
electric power
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Efficiency
30-60%

Fuels
Natural gas, hydrogen.  Some can use landfill gas, propane, and 
diesel

Power Output
1 KW-10MW

Special Requirements
Non hydrogen fuels must be reformed into hydrogen (e.g., 
steam reformer for methane)

Fuel CellsFuel Cells
(cont’d)(cont’d)
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Fuel CellsFuel Cells
(cont’d)(cont’d)

Advantages
High efficiency
Potentially 0 emissions

Disadvantages
Complex
Still experimental
High cost

Good Applications
Once perfected could have very wide application
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Fuel CellsFuel Cells
(cont’d)(cont’d)
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Hybrid Fuel Cell/MicroturbineHybrid Fuel Cell/Microturbine

Principles of Operation

COMBUSTOR

COMPRESSOR TURBINE ~

GENERATOR

POWER

FUEL CELL

POWER

FUEL FUEL

AIR

O Fuel cell efficiency is improved at high pressure

O Combines a solidoxide fuel cell with a microturbine
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Hybrid Fuel Cell/MicroturbineHybrid Fuel Cell/Microturbine
(cont’d)(cont’d)

Efficiency
60-70%

Fuels
Natural gas, hydrogen
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Hybrid Fuel Cell/MicroturbineHybrid Fuel Cell/Microturbine
(cont’d)(cont’d)

Power Output
KW – MW

Advantages
Extremely high fuel to electric conversion efficiency
Low emissions

Disadvantages
Very high cost
Infant technology

Good Applications
If perfected will have very wide applicability
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Installed CostsInstalled Costs
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CONCLUSIONSCONCLUSIONS
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Many technologies are available and proven

Distributed generation has barely made inroads in a 
potentially massive market

Distributed generation has huge potential to reduce 
fossil fuel consumption via the high efficiency of 
cogeneration v.s. centralized power plants

For more information, see: 
www.energy.ca.gov/distgen
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Solar Power

•Fundamentals
•Electrical Characteristics
•Cell, Module, and Array
•Maximum Power Tracker
•Power Electronics Circuits
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Blocking Diode

Bypass Diode
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Overview of Fuel Cell

•Brief Introduction
•Fundamentals
•Electrical Characteristics



Brief Introduction

• Fuel Cell was invented by William R. 
Grove in 1839. It was called 
“Gaseous Voltaic Battery

• Fuel Cell is an electrochemical 
“device” that continuously converts 
chemical energy into electric energy 
(and some heat) for as long as fuel 
and oxidant are supplied.



Three Major Applications

• Transportation
–Automobiles

• Stationary Power Generation
–Low CO2 emission
–CHP

• Portable Applications
–Camping
–Yachting
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Type of Fuel Cell

2 kW to 
MW

>50%H2, CO, 
CH2, and 
others

~1000 CSolid OxideSOFC

200 kW to 
MW

> 50%H2, CO, 
CH2, and 
others

~650 CLithium & 
Potassium 
Carbonate

MCFC

200 kW
(CHP)

40%Pure H2~220 CPhosphoric 
acid

PAFC

5-250 kW35-45%Pure H250-100 CSolid 
Polymer

PEMFC

< 5 kW35-55%Pure H260-120 CKOHAFC

Power 
Range

Electric 
Efficiency

FuelOperatin
g Temp.

ElectrolyteFC Type

AFC: Alkaline FC PEMFC: Proton Exchange Membrane FC
PAFC: Phosphoric Acid FC MCFC: Molten Carbonate
SOFC: Solid Oxide FC
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Membrane Electrode Assembly of PEMFC
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Wind Power

• Major components
• Typical Wind Turbine Power Curve
• Possible choices of generator
• Power Electronics
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Major Components of a Wind Turbine

Rotor

Hub

Control

Drive Train Generator

Main Frame/Yaw System

Tower

Foundation

Balance of
Electrical System
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Typical Wind Turbine Power Curve

W ind S peed, m /s

P
ow

er

C u t-in
(~7  m/s)

R ated

C ut-ou t
(~20  m /s)
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Possible Generators

• Synchronous Machine
• Induction Machine
• Permanent Magnet Synchronous Machine
• Direct Drive Generator
• Switched Reluctance Generator
• DC Machine

– DC Shunt Machine

– High Maintenance and high cost
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Induction Machine

• Motoring when speed is less than 
synchronous speed
– 2-pole: 3600 RPM
– 4-pole:1800 RPM
– 6-pole: 1200 RPM

• Generating when speed is above the 
synchronous

• Slip is usually 2% to 3%
• Self starting using wind!
• Run as induction motor to start!
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Torque/Power Speed Curve for 
Induction Generator/Motor
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Synchronous Machine

• Usually started by the wind
• Synchronization is needed to connect to 

existing AC power system
• Active rotor speed control maybe needed
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Permanent Magnet Machine

• Generator of choice for <10 kW unit
• Permanent magnets mounted on rotor 

provides field excitation
• Armature on stator is stationary! No need 

to have commutator, slip rings, brushes!
• AC output has variable frequency and 

magnitude. 
• Rectified to DC, inverted to AC, then 

connected to grid.
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Direct Drive Generator

• Synchronous Generator of special design
• Large no. of poles so it can be coupled to 

the wind turbine rotor. No gearbox is 
needed.

• Diameter is large!
• Power Converters are needed to cope with 

varying magnitude and frequency!
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Switched Reluctance Machine

• a.k.a. Variable Reluctance Machine
• A huge stepper motor or generator
• Popular in traction applications
• Electrical characteristics are similar to 

those of series DC machines
• Made possible because of power 

electronics and digital control
• Difficult to compete against Induction 

Machines economically
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Power Converter

• Block diagram of a motor drive where the power 
flow is unidirectional
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Diode-Rectifier with a Capacitor Filter

• Power electronics load is represented by an equivalent load 
resistance
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Three-Phase, Full-Bridge Rectifier

• Commonly used  
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Three-Phase Inverter

• Three inverter legs; capacitor mid-point is 
fictitious 
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Switch-Mode DC-AC Inverter

• Block diagram of a motor drive where the power 
flow can be bi-directional
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Vdc A B

Single-Phase DC-AC Inverter

ABV
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PWM to Synthesize Sinusoidal Output

• The dotted curve is the desired output; also the 
fundamental frequency
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Three-
Phase 
PWM 

Waveforms
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Vdc A B

Single-Phase DC-AC Inverter

ABV
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AC AC

SourceV

ABV

Current I

I
jIX

ABV

SourceV

X

pf = 0, leading
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AC AC

SourceV

ABV

Current I

I
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ABV

SourceV
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Vdc A B

Three-Phase DC-AC Inverter

C
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Most Common Type Used by most Utilities

• Single Path of Supply – One primary 
source, one transformer, one secondary 
source

• Main Line Usually Connected at   
various points to Adjacent Circuits  
by Switches

Radial  Distribution
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Mainly used for overhead distribution systems

• Customers exposed to outages when 
equipment fails

• Easy to locate trouble and faults

• Cost effective to install

Radial Primary Feeder
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Radial Primary – Overhead
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• Fuses

• Line Reclosers

• Circuit breaker at substation has automatic 
reclosing

-- Typical 3 shots to lockout

Overhead Line Protection
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• Mainly for Underground Distribution 
Systems

• Provides 2 Supply Paths for Loads

• Usually installed where there is a 
concentration of Commercial or Industrial 
Customers

Radial Loop Primary
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Radial Loop - Primary
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Subsurface Fused Switches

• Interrupters

• Circuit breaker at substation has no 
automatic reclosing

Underground  Protection
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• Wind and Trees         (46%)

• Equipment Failure     (12%)

• Human Error          ( 9%)

• Weather                      (26%)

• Foreign Objects (1.5%)

Most Common Causes of Faults
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• Load Tap Changers (LTC) on substation 
banks

• Station Capacitor Banks

• Field Capacitor Banks

• Autoboosters

Voltage  Regulation
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Low Voltage AC Network 
Distribution Systems

Uses Redundant Facilities to Provide 
almost 100% Service Reliability

Intended to serve Commercial Loads in a 
High Density Areas

Design for Underground Installations

Two Types – Grid & Spot Networks
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Grid or Dispersed Network

Used for Small to Medium Commercial Loads

Transformers dispersed over a Large Area

Has a “Grid” of Interconnected Cables 
energized at 120/208 Volt, 3 phase

Grid energized at multiple points by 
Transformers

Multiple Primary Circuits operate in parallel to 
supply power to Grid Transformers
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Dispersed Network 
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Spot Networks

For Large Concentrated, Commercial Loads

Has Same Reliability and Operating Features as 
a Grid

Secondary Voltage is usually 277/480 Volt

Usually Serves only one Customer

Types of Customers:  High Rise Office Bldgs 
and Hotels, Computer Facilities, 
Communication Centers, & Retail Centers
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Spot Network
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Disadvantages

High Secondary Fault Currents – Up to 200,000 
Amp. In Certain Areas

Large Space Requirement for Transformer 
Vaults

Cost of Purchasing Multiple Transformers and 
Extension of Multiple Primary Circuits

Reliability affected by Bulk Power Source
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Distribution Systems

RADIAL 

One source

One transformer

One sec path.

Reliability: 
~95%  for some rural areas
~99.85-99.95 % for urban    
areas

NETWORK

Multiple sources

Multiple 
transformers

Multiple sec paths

Reliability:  >99.999%
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Measured Reliability of 
Distribution Systems

Type of System Radial
Overhead 

Loop Radial 
System

Underground 
Loop Radial 

System

Automatic 
Transfer 
Scheme

Grid 
Network

Spot 
Network

Outages Per Year 0.3 - 1.3 0.4 - 0.7 0.4 - 0.7 0.1 - 0.5 0.005 - 0.020 0.02 - 0.10

Average Outage 
Duration (min)

90 65 60 180 135 180

Momentary 
Interruptions Per 
Year

5 - 10 10 - 15 4 - 8 4 - 8 ~ 0 0 - 1

Table extracted from ELECTRICAL WORLD, May 1992

Based on information supplied by Consolidated Edison
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Fault Capabilities
(3 phase RMS symmetrical)

36,000 to 
175,000  Amp

18,000 to 
52,000 Amp

Secondary
(460 & 480 V)

3,000 to 
200,000 Amp

10,000 to 
42,000 Amp

Secondary 
(208 & 240 V)

8600 to 21,000 A. 
13,500 t0 12,000 A. 

600 to 21,000 
Amp.

Primary 
(4 to 34.5 KV) 

NetworkRadial Voltage 

Assymmetry Factor :     1.0  to 1.6
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Commercial Load Pattern
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Residential Load Pattern




