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Program Objectives 

Overall Objective: The Legislative Energy Horizon Institute will produce a corps of legislators 
with knowledge about how energy is delivered to consumers. These individiuals will bring an 
increased understanding of how the complex energy system works and knowledge about 
infrastructure, costs and timelines to their caucuses and legislatures. By working together 

- across jurisdictional boundaries to understand our energy system, policymakers will be able to 
forge the necessary relationships to address multi-state energy infrastructure and policy issues. 

Course 0 bjectives: 
Provide a concrete understanding of the electric grid and how it operates. 
Describe how the various energy sectors interface to  produce and deliver energy. 
Examine the rules and regulation of electric, natural gas, and petroleum infrastructure. 
Explain the regulatory, financial, and planning challenges associated with building new 
energy infrastructure. 
Apply technical knowledge to implement informed and effective energy policy. 
Analyze the relationship between climate and energy. 

Global Energy Picture 
(Neelesh Nerurkar, BP America, Inc.) 
Learn: 

Where global energy markets are headed. 
How global issues are impacting energy, price volatility, security, and climate change. 

U.S. Energy Situation 
(Dick Moore) 
Learn: 

The sources and origins of energy production and consumption. 
How industry leaders are balancing core drivers such as capital investment, rising costs 
and prices, climate change, and energy efficiency. 





Petroleum 101 
(Dick Moore) 
Learn: 

About oil supply and sources. 

How oil and gas are generated a t  the well head. 

Market price forecast. 

Canadian Energy Future-Prospects with Fossil Fuels 
(Surindar Singh, Alberta Energy Research Institute) 
Learn: 

About new technologies including clean coal, gasification, and carbon capture and 
sequestration. 

About cutting edge technology research. 

Natural Gas Production, Transmission & Delivery 
(Dick Moore) 
Learn: 

The scope of the industry including production, pipelines and storage, and consumption. 

About natural gas supply and sources. 

About natural gas marketing. 

Canadian Gas Overview 
(Gary Weilinger, Spectra Energy) 
Learn: . 

The scope of the Canadian gas industry including production, pipelines and storage, and 
consumption. 

Power System Concepts 
(Skip Collier, Professional Training Systems, Inc.) 
Learn: 

The basics of generation, transmission, and distribution. 

Basic electrical terminology, equipment construction, and equipment operating theory. 
How to  communicate technical information using non-technical language. 

Power Grid Operations 
(Skip Collier, Professional Training Systems, Inc.) 
Learn: 

About utility network operations, including control, protection, and voltage regulation. 
About distributed generation. 





Energy Industry Challenges 
(Doug Bloom, Spectra Energy) 
(Pat Reiten, PacifiCorp) 
(Steve Reynolds, Puget Sound Energy) 
(Lynn Westfall, Tesoro Corporation) 
Learn: 

How challenges such as state and federal initiatives, cap and trade, performance 
standards, and Kyoto are impacting the energy industry. 

Alternative Energy Sources 
Learn: 

What challenges and barrriers alternative energy sources must overcome in reaching 
the market place. 

Public Policy Impact on Business Decisions 
(Mike Oldak, Edison Electric Institute) 
Learn: 

How public policy impacts energy cost and shapes business decisions. 

lndependent Power Producers 
(Bob Kahn, Northwest & Intermountain Power Producers Coalition) 
Learn: 

About the role of lndependent Power Producers (IPPs) and the challenges they face. 





The US.  Energy Situation 

EXPLORING CONSUMPTION & SUPPLY ISSUES 

BY J .  RICHARD MOOR 2 - 0  (2 
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heating, lighting, food & laundry 

stores, shops, entertainment & offices 

mining, processing & manufacturing 





British Thermal Unit 
(ability to do work) 

Quadrillion BTU (10'5) 

1 BTU x i million = 1 million BTU = 1 MM BTU 
1 QUAD = 1 billion x 1 million BTU 

1 QUAD is equivalent to 
the annual energy consumption of 
6 million U.S. households in 2007. 



Energy consumption 

Per capita (MMBTU) 

Per $ real GDP (MBTU) 

mm-2007 

4.85 8.21 7.04 6.69 

2.82 4.22 4.26 3.90 

13.88 23.19 23.72 21.44 

8.39 19.79 24.70 29.00 

Electric Generation" 4 . 6 8 ~ = 4 0 . ~ i 7  

34.62 78.00 94.77 101.60 

'ELECTRICITY IS GENERATED FROM OTHER ENERG 



Primary energy 

s Transportation 
1.. Electric Geueratiotl 

ere do we pay energy costs? 
2007  U.S. DELIVERED ENERGY CONSUMPTION 

goods/ senices we 



-Our lives & standard of living are 
dependent on consumption of energy. 

=US. energy consumption is 
growing, driven by population 
increase & rising standard of living. 

*Largest & fastest growing 
consumption sector is electric 

*Payment for delivered energy 
consumed in residential sector not 
made (or cost known) when 
consumption occurs. More (maybe 
substantially more) than 50% of total 
energy costs paid in prices of goods & 
services purchased; not apparent as 
energy costs to us. 

CONSUME 



Primary energy consumed (QUA~S) 

Production Imports 

Petroleum & NGL 

Inventory / Bal.** 

+Nuclear based on ratio of domestic/imported uranium (9.3) 
++Ratio of domestic/import to total 



U.S. energy production, consumption & imports 

Overview, 1949-2007 

~Energy consumption is 
a vital part of our 
standard of living. 

*We now import nearly 
37% of the energy we 
consume. 

*Energy prices have 
been rising and 
volatility has increased. 

*Supply security is 
uncertain. 

*World demand is 



*The cost of energy we rely on 

VALID ENERGY concerns 
REQUIRE ACTION 

for our way of life is increasing 
because "cheap" energy 
supplies have been consumed. 

-Rising energy costs can 
reduce our economic 
competitiveness & our 
standard of living. 

*Growth in energy imports 
increases our exposure to 
economic & political threats 
related to supply 
interruptions. 

*Current methods of using 
traditional energy resources 
produce undesirable 
environmental side effects 
that are expensive to mitigate. 
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1) More efficient use of energy 

expanded supplies of energy 

reduced standard of living 



Efficiency & conservation 
----------.---- 

SOLUTION i 

Conservation 
"Turn the light off as you leave" 

Use less energy to do work / capture waste 
Schedule use to reduce peak demand on system 
Reduce production, conversion, transmission & distribution losses 

Increased efficiency will be driven by improved technology & control 



energy consumption 

..... .. 
8ar Electrical Generating ,.,, 

System Imss Allocation 

a Total Electrical 



Thermal efficiency 
of electric generation 

Conversion 

-Typical steam/electric 30-35 

*Integrated gasification 39 
ROOM FOR 
IMPROVEMENT 

*Simple cycle gas turbine 35-40 Improvcd efticienq will 
lower file1 consumption 

gas turbine (CCGT) a id  e~nissions. 

*Cogeneration/CCGT 90 

- 

enewables Highest 



Expanded energy supplies 

S O L U T I O N  2 

Increased production of fossil fuels 

Increased utilization of nuclear power 

Increased production from renewable sources 

Development of totally new technology 



High price 

Encourages consumption Discourages consumption 

Discourages efficiency Encourages efficiency 

Discourages production Encourages production 

I 
Government policies shift both supply 81 demand curves: I 

I 

I 

I 

Tax 
discourages 
production &/or 
consumption of 
target fuel. 

Subsidy 
encourages 
production &/or 
consumption of 
target fuel. 

Both subsidies and taxes impose costs. 
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Energy quantity 
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-- - - EXPANDED 
ENERGY SUPPLIES: 

- - -.- 

WHAT FUELS 

PROBLEMS 

Transportation fuel Imports (petroleum) cost & security 

Electric generation Emissions (fossil fuels) cost & efficiency 

Desired expanded energy sources 
Economic domestic transportation fuel 

Clean, economic efficient domestic electric generation fuel 

Transportation 
generation fuel 

Via electricity. Maybe" Clean coal 

Via electricity. Maybe" 



YEARS SUPPLY OF CONSUMPTION (2007) 
WORLD 

Proved Potential Proved Potential 

Renewable~ N/A 

'Shale & tar sands 

W E  A R E  N O T  R U N N I N G  O U T  O F  E N E R G Y ;  

*Access to land for 
production/mining 

*Energy prices high 

*Availability of critical 
skills & equipment 

*Government policies 
encouraging research & 
development of energy 
supplies & limiting 
harassment of project 
developers 



SOLUTIONS SUMMARY 

-- -. . - - 

SOLUTION 1 

Significant room for energy consumption 
reductions through conservations & efficiency 

- I N C E N T I V E S  

- E D U C A T I O N  

SOLUTION 2 

Additional energy resources available 
domestically & worldwide 
R E Q U I R E S  - E C O N O M I C  E N E R G Y  P R I C E S  

- A C C E S S  T O  L A N D  

- G O V E R N M E N T  P O L I C I E S  
S U P P O R T I N G  E X P A N S I O N  O F  
E C O N O M I C  D O M E S T I C  E N E R G Y  
S U P P I . I E S  



B Y  SECTOR ( Q U A D S )  
r Rcsiclcntial Comnlcrcial 

- Electric gc~lcratioli 

B Y E N E R G Y  SOURCE 

.Fossil fuel i,h'uclaar k. Renewable 

n/a $2-3 MM/well $loo MM 
n/a $55-100 MM $200 MM-3 billion 

5-well pkg (delineation) $1.3 billion 
(PTThompson) 

300k BBL/D $15-zok/BBL $4.5-6 billion 

Electric generation Plant 
400 mw $.5-2.5 k/kw $.z-.6 billion 
600 mw $1.5-2.5 k/kw $.g-1.5 billion 
1,350 mw $2.5 k/kw 

Transmission Lines 
n/a $.5-3.5 MM/mi (above ground) 

S.7-6.0 MM/mi. (avg. $2.1 MM/mi.) 
$8-12 MM/mi. 



Projects must be started years before the 
energy is needed. 

Many projects must be started each year to 
offset decline & meet projected growth in 

Projects must be undertaken when some 
project costs & the energy commodity price 
are unknown. + Risk! 

Major projects require substantial 
expenditures on preliminary tasks 
(permitting, design, etc.) that may not be 
recovered if the project is not completed. 

Once properly permitted, projects should be 
shielded from continuing legal/environmental 

.- ----.- -- ---. -. - .-- . --- ---- 
Oil exploration & production 

- Frac water re-use 
- Road traffic/noise limitations 

Electric generation 
- Fossil fuel plant emissions 
- Nuclear facility design & fuel storage/disposal 

Auto emissions (miles per gallon) 



open up federal lands & ofkhore, continuous federal leasing program 

Standardized designs & approval procedures 
nuclear power plants, coal power, CTL plants & refinery expansions 

expand/modernize/upgrade railroad & electric transn~ission systems, water reclamation & 
disposal, nuclear waste, CO, sequestration 

ation (general public) 

Fund & incent wide range of investigations 

inevitable cost 
increases & 

Doing nothing is not I-eally 
an option; doin:: the - 
thing will be expensive. , 

Analysis & debate should be + 
modify -4iffering opinions should be 

add- 

behavior, 
the public must 

understand Role for ?OV 

energy issues. 
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Crude Oil 
Midstream & Downstream 

J. Richard Moore 

Upstream ; Downstream 

*Petrochemicals 



Crude Oil 
Midstream 

, , , ' I  

U. S. Supplies of Natural Gas & Oil-2007 

NATURAL GAS OIL, 

Gross Domestic 
Production 

" 

Dry Domestic 
Reduction 

" 

Pipeline 
Imports 

Waterborne 
Imporu 

- - - - -  
U of Domeslc Wdls 

Average Production 
(Gross) 

Soorcr: E U  



Seasonality of Demand 
Natural Gas vs. Oil-2007 

NATURAL GAS OIL 

15 

In r.* *. rp U I - .  I." *. 5.4 * r n 

Cntde Oil 
Gathering 



Potential Well Stream Components 

FROM LEASE SURFACE 
WELLHEAD -b EQUIPMENT 

FL.OWLINE 

- RECOVERABLE HYDROCARBONS - RESIDUEGAS 

Producing Well Surface Flow Schematic 

Sales 

To Disposal 



Crude Oil Gathering: Place in Physical Distribution Network 

Lease 

-+ B+ 
+ 
Gathering h e  

Tank buck 
Stock Tanks (Barge) R p e h e  Dump Stahon 

OR 
Lease 

47 LAC3 - 

+ ,> 
'E V' - ? k ' , &.,b, 

6" I ,  ' 1 

Oil Quality 

PIPELINE 
SALES TRANSPORTATION 

Stock Tanks 

SuIfurIGravity- 
affects price 
BS&W-(I %) 
merchantable product 
Temperature- 
affects volume 

. Fungible system 

. Merchantable product 

. Tem perature--affects 
volume 

, Gravity & sulfur 
banks 

Unit 
Gathermg Llne - 

Information Needed 

Volume of oil delivered . BS&W content 
Sulfi~riGravity . Temperature 

Information Provided By 

. Gauger (producer) 
Truck driver (buyerltransporter) . LACT = Lease Automatic Custody 
Transfer 



Crude Oil 
Transportation 

Crude Oil Trunk Pipelines 
Place in Physical Distribution Network 

(Fdder h n p  stason) 

Gathering R p e h e  

Interstate Tnmk R p e h e  A 

Intrastate Tnmk R p e h e  

Interstate Tnmk R p e h e  B - InterstateTnmk R p e h e  C 





Crude Oil Trunk Pipelines 
COMMON CARRIERS 

Have custody but not ownership of oil in pipeline's possession 

Require shippers to provide share of line fill & tank bottoms 

Accept shipments from all qualifying parties 

Allocate capacity based on shippers' nominations 

NOMINATION PROCEDURES 

One class of service for all timely nominations 

Deliveries to trunk lines not contemporaneous with production (lease, dump 
station, tank farm and import terminal storage) 

P; 

Majority af u . s , ~  supply is imported; most nataral gas sopply is domestic" 
i 

Gas pipeline throughput significantly more seasonal than crude oil pipeline 
throughput. 

Crude Oil 
Imports 



U.S. Imports of Crude Oil 

SFolu -nc -  .... (lm.1- 
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VESSEL TYPES U.S. PORTS (SUE) 

10,000-60,000 dwt (Handy) 

60,000-80,000 dwt (Panamax) 

80,000-120,000 dwt (Aframax) 

120,000-200,000 dwt (Suezmax) * 
200,000-315,000 dwt (VLCC) LOOP or lighter 

320,000-550,000 dwt (WLCC) LOOP or lighter 

- 

(1 dwt = 7.4 BBLS) 



Crude Oil 
Storage 

Crude Oil Storage Facilities 
GENERALIZATION 

Oil stored for operational reasons, natural gas stored for seasonal demand 

OIL STORAGE FACILITIES MORE NUMEROUS & EXHIBIT GREATER 
SIZE VARIATIONS 

Location Inventorv EOM 11108 Tank size rss~s)  Approximate # 

Lease storage 17 MM BBLS 100-500 100,000 (5w.wowell~) 

Tank farms & pipelines 204 MM BBLS 10,000-500,000 141 Terminals 

Refmery stocks 96 MM BBLS 50,000-500,000 150 Refineries 

Strategic petroleum 702 MM BBLS (CPVM size) 6 to 35 1 (62 caverns) 
Reserve (SPR) MM BBLS 



Crude Oil Storage 

STRATEGIC PETROLEUM RESERVE (SPR) 

Current capacity: 727 million BBLS 

Four sites along U.S. Gulf Coast (2 TX, 2 LA) 

62 caverns (6 to 35 MM BBLS capacity) 

Withdrawal rate: initial 4.4 MM BOPD for 90 
days, declining to 1.0 MM 
BOPD 

Oil displaced with fresh water 

To be expanded to 1 billion BBLS 

Crude Oil 
Marketing 
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Crude Oil Trading: Activities 1 Objectives 

Buy 1 sell-generate spread 

Exchange-reduce transport costs 

- Refiner crude slate quality considerations 

2 Management of sale or purchase obligations 

Management of transport assets 

Time trades 

Crude Oil 
Price Hedging 



Crude Oil Price Hedging 
Crude Oil Futures Contract 

NYMEX Futures Contract Terms Definitions 

Spot (Prompt) Month: futures contract 
closest to maturity 

Basis: difference between cash / futures 
prices (location, time, etc.) 

12-Month Strip: average value of the 
next 12 months' futures price 

Divergence: cash / futures prices do not 
move in same direction / amount 

I Crude Oil Producer Hedge Illustration 
Producer sells futures to  establish hedge 

position, then purchases offsetting quantities of 
f p r e s  . . 

-1 m ~ ~ m R W m m m m m m 1 * . r - n l l l  

o l F " W . " P & l a  - 
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Crude Oil 
Downstream 

r ;,,:;!". 
Oil Industry segments 

U~stream : Downstream : 
Midstream 

Gathering & Transportation *Refining & 
*Production : Product Distribution \ 

*Petrochemicals 

Bulk Retailers: 

Wells 

Delivery 
h e r  



Crude Oil 
Refining 

Crude Oil Refining 

Why refine oil? 

CONSUMER 

Cannot use crude oil 

Needs motor gasoline, petrochemicals (plastics), 

cosmetics, paint, etc. 

REFINER 

In business to make a margin. Sell refined products for more 
than cost of crude oil plus refining costs. 



Oil Refining Capacities (US-2008) 

Number of Refineries (operable) 150 

Atmospheric Distillation Capacity 17.6 MM BBLS / Day 

Vacuum Distillation Capacity 8.4 MM BBLS / Day 

Thermal Cracking Capacity 2.6 MM BBLS / Day 

Catalytic Cracking Capacity 6.2 MM BBLS / Day 

Catalytic Reforming Capacity 3.9 MM BBLS /Day 

Total U.S. Refinery Production (2007) 14.7 MM BBLS I Day 

Total U.S. Refinery & Blending Production 18.0 MM BBLS /Day 

Total U.S. Product Supplied (Demand) 20.7 MM BBLS / Day 

Source: EL4 

1, t 

II 1 

Oil Refining Processes & Units 
(Employing heat, pressure & catalysts) 

Blending & 

Distillation* Conversion* Treating 

Fractionation Decomposition Unification Rearrangement 

. Isomerization 

* Treating may occur 

Simple Avg. U.S. 
Distillation Refinery Yield 

Motor Gnaoline 

Crude Oil ' 

(Arab LT) 

Salrrr: E M  
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Typical U. S. Refinery Products Yield 
from Crude Oil 

PRODUCT % 

LRG 4.1 

Motor Gasoline 45.5 

Jet Fuel 9.2 

Distillate Fuel Oil 26.1 

Residual Fuel Oil 4.2 

Petr. Coke & Asphalt 8.1 

Other 2.8 

100 

Sourre: EIA 

Crude Slate 1 Yield Relationships 

t 
a, 3 
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8 g Y 

P' 
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Higher Processing Severity Lower + 
(cost) 
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Refinery Operations 

Seasonal Product Mix Changes 
2W00 

18000 - 
1ewo - 

14000 

120W - 

1 m  - 

-- 

-Crude lnputs to rehenes 
&blenders 

-Gas Produchon 
6000 - 

6000 - 

4000 

2mo - 

-D~st~llate productmu 
-"- 

o . . . . . - . . - . . . .  
Jan Feb Mar A p  May June July Aug Sepl Oct Nov Dec 



c"4i'ITA41, 

New Plant: $15-$20k per BBLID* 
Large: >100,000 BBL 1 Day 
Lead Time: 5 Years 
Permits: Environmental 

Crude Supply: Secure 1 known price 
Competition: Lower cost foreign 

Refining Operating /Capital Costs 

BJlcr sod Obricn ZW5, OKCJ Nelson F m u  hder 

Refined Products 

Distribution & Marketing 



Oil Industry Segments 

Upstream : Downstream 
Midstream 

Gathering & Transportation / *Refining & 
*Production ; Product Distribution [ 

*Petrochemicals 

pcJ; 

pTJ 

Retailers: 

Wells 

Lines 
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Refined Products Supply 1 Demand (2007-MM BBLSD) 

Refined Product 

Finished Motor Gasoline 

Distillate Fuel Oil 

Total Mogas & Distillate 

Refinery Feedstock 

Crude Oil 

Other liquids (50% 
Gasoline components) 

Total 

Sourre: E U  



Refined Products Distribution Network 

or Dealer 
Retail Outlet 

About 60% of refined products move via pipeline 

About 30% of refined products move via water 

Final leg is by truck 

D.O.T. -BTS 

. .  , 

Product Storage 
(MILI BBLS - 1213 1/07) 

Refinery* 

Pipeline* 

Bulk Terminal 

Secondary 
(Dealers) 

Total 
(15-30 Days 
supply) 

EIA Stocks Report 



Refined Products 
Pipelines 

Interstate Refined Products 
Pipelines 

TOTAL 

MAJORS 
(>lo0 MM 
BBLSIYR) 

LARGEST 10 
POL) 

Smrce: 0910L108 ObGJ, FERC Form 6 

COMPANIES 



Refined Products Pipeline Batching 
Fungible (most common on large trunk lines) 

Segregated 

Products 

Low sulfur diesel II Compatible 

Kerosene I Jet fuel 0 Transmix 
(reprocess) 

High sulfur diesel 

Conventional regular gasoline 

II All premium gasoline grades 

, . i  , ' ; i f  
I t 1  *' 

Refined Products Trading 





Motor Gasoline Specifications 

Sourre: EIA 

Refined Products-Issues 

Motor gasoline--octane, RVP, additives 

Number of grades (specifications) - supplylcost 

Seasonal change in RVP, etc. 

Motor gasoline--ethanol @(lo), E(85)) 
Diesel-low sulfur, biodiesel 

Increasing distillate demand in U.S. & worldwide 

Historically mutually beneficial U.S. & Europe 
diesel I motor gasoline demand & relationship 

_ Seasonality of demand 







Natural Gas 

From prospect to burner tip 

J. Richard Moore 

. -rz . I ,.- , I U.S. Natural Gas 1 Electric Industries 

Industry Comparisons / Contrasts Electric ~ndustry Interest in Gas 

Gas is fuel for electric generation (20% cap) 

Some electric companies have purchased gas 
utilities - gas now part of product line. 

Gas is competitor in some cases. 

Deregulation experience of gas may be 
instructive for electric industry 



. . <. , 

WSTREAM 

MIDSTREAM TRANSMISSION 

11111111 

DOWNSTREAM 

U. S. Natural Gas Industry - Scope 

Production I 
Gross W~thdrawals 24 6 TCFNR 
Dry Roduction 19.1 TCFNR 

Producmg Gas Wells 152.768 

Gas WeU Average 149 MCFm 

Production. 10 to 30,000 MCFlD Well 

Roduens  6,800 Companies, (20 Majors) 

Utility Pipelines (AGA) 

. . 



(Trillion Cubic Feet) 
Cross Withdrawals 

From Gas and 
Ventcd I Flared 

Extraction Loss 

Seasonality of Natural Gas 
Supply & Consumption (2007) 

Withdraw from Storage 

. - . - . - . , ~. . - . .. . - 



Natural Gas Formation 
and 

Exploration 



GEOLOGIC TIME on AND GAS FORMATION 

Rcssum & Tcme 

Dinosaurs Appear 

First Abund~nl 
Fossil Record 

Rock Layers Dcpodtd 
Over T i e  

Reservoir Sandstone 



B. Log Corrdation 
2. Obtain Minerd Lease 
3. Obtain DrWng Permit 

I. m g  Connnrt 
A RPte: Day, Footage, Twnkey 

1. Wdl Control -Blow Outs I Lost Boles 

B. Equipment & Start Date 
2. MWD - Dirertional Wdls 

2. D d g n  Casing Rograrn 3. Logging and Analysis 

3. Evaluate Surface Equipment 
4. Decision to Complete 
5. light Hole - Confidential 

Completion 
and 

Production Operations 



Cased Well After Emplacement of I 
I Completion Fluid I 

Intermediate Casing 

Production Casing 

> , t  .-. ,  . . Schematic of Perforated Casing .' . , ,  ,. 
, I ! ,  

. .  .". 

CASING 

CEMENT 
SHEATH 

INTEREST 

.,., . . . . 
. . . . . . . . . . .  . . . . . . . . . . .  

-. .?. - . . . , ,  __._ 
.. . . .. . 



Cemented 

PERFORATIONS 

DRILLED HOLE 

CEMENT SHEATH 

SAND-LADEN 
TREATING FLUID 

PROSPECTIVE 
FORMATION 

FRACTURE 

Intermediate Casing 



Measure Gas Volume (MCn Orilice Meter 

Meter Cart I Operation 
Cdcolale Quantity of Energy Ddivered - l h r b h c  Mctu Meter  Function 

Volume x Heating W u e  = MMBTU 



Natural Gas Gathering 
and 

Processing 

Typical Natural Gas Stream 
I 

FROM TO GAS 
WELLHEAD PROCESSING 

SEPARATORS - PLANTS 
PWELLNE 

I RECOVERABLE BYDROCARBONS I I 
I ( - RESIDUEGAS 

1 1 - NON-HYDOCARBONSAND CONTAMINANTS ~ I 



Natural Gas Gathering and Processing 

Place in Physical Distribution Network 

- Compmlon -Ibises Pnssvre of Gas From 
Wdlbeads Permitting Gar to Flow Into 
Tkansmission System Ltnghens Well Ufe. 

. Trating - Removes Impurities 

Processing -Removes NCLS 

UPSTREAM PRESSURE 

WITHOUT LIQUIDS 



Pipeline 
Corrosion 

Internal Corrosion 

- Problem: Microbinlly Induced Corrosion (MIC) 

Solution: Inhibitors (Coat Pipe), Biocides (Kill Bugs) 

- Problem: Chemical Corrosion (Acid Gas) 

Solution: Inhibitors (Coat Pipe), Remove E S  & CO2 

and Remove Water. 

Extmal  Corrosion 

- Pipe Wraps I Coating 

- Cathodic Protection 

lssues 

- Snkty 

- Maintenance Expense 

Corrosion 
p& 

1JtiliW Pies (Foam, Solid Cnrt Plastic, Sphms) 

- Cleaning: Remove Deposits 

- Sealing: Remow tiquids 

M squeegee Pig $3 
Brush Pig 

In Line Insrechon Tools (Sman Pigs) 

- Measurements: Wnll Thickness, Diameter 

- Detection: L e a h  Crack, Corrosion 

- Photographic Inspection 

- W e d  tiquids 

- Used in 'kains W~thin PIL 

- Clean Up, Corrosion Inhibition 

Natural Gas Transmission 



- Provide high pressw 1 long distance 
transponation of gas 

Pipeline uses prcolwe from reservoir or 
compressors bumps) to move g m  

lohastate Tnnsmission Pipdioe 

loterstote Ransmission Rpdine "A" - Pipdine uses storage facilities and Line 
pack to meet supply I demand swings - - . InterstateTransmisdon Pipeline "B" 

Safely & ruviro~~mrntnl regulation -DOT. 
OSIW EPA, mws 

Intrastate rate regulation -state agenciu 

Interstate rate regulation - FERC 
Undsground Storage 

, , , . 

ansportation Pipeline Netwoik 

... ,~ - ... , . - .  .:: So~uce: EIA .. , ~ . ,. 
. . . .  

.,._i..__- _ _.%. .- . . . . ~ . . .... 



COMPANIES 

Majors (> 50 BCF YR) 

LARGEST 10 (VOL) 

atural Gas Transmission Pipeline 

II Custody and Ownership Transfer Poiol 

rJ , ~xpE$&@ IS TRANSPORTER ONLY 

Custody Transfer Point 
(ownership may transfer at multiple points) 

Custody Transfers TolFrorn Pipeline Whm Gas Enterdeaves System 

. Pipeline controls receiptsldelive~ies . Pipeline monitors receiptsldeliveries 
to achieve operational stability controls only if shipper not in compliance 
and serve demands with contract 

. Storage and line pack are tools used 
to deliver gas commodity 

N o  balancing problemslissues 

. Use of storage and line pack determined by 
shippers' actions and may be subject of 
charges in addition to transport fees 

. Major balancing problendissues 



Services Offered by Natural Gas 
Transmission Pipelines 

I. TRANSPORTATION ONLY PIPELINES (INTERSTATE) 

A. Transportation: Firm, interruptible, no-notice (swing) 

Firm, interruptible 

C. Other: Treating, blending, balancing parking 

TarifflContrachral Provisions Specify ~ i ~ b t s  and Obligations of ~ & e s  

Item I hsue Shipper 



Natural Gas Distribution 

Saurr: AGA Gas Fnna 2007 



Natural Gas Distribution Issues 

0 ~ e a s o n a l 6  of Demand - meeting peaks economically - 
7 

0 Fragmented Regulation - state / local vs. national 

O Retail Competition - commodity sale vs. gas delivery 

0 Information Needs - custody vs. ownership 

Cl Balancing - receipts vs. Deliveries 

0 Rate strategy - incent conservation & efficiency 

- 
r - - - -  

- ?  



Natural Gas Supply 



U.S. Natural Gas Supply - Potential Sources 
I I 

Potential Gas I Source l Ares 
Reserves (TCF) 

Issues 

Access I Pipeline I Economics 

Access /Pipeline I Economics 
(Unconventional Gas) 

Pipeline I Economics 

New Terminals I Economics 

Technology I Economics 

U.S. ,Dry Natural Gas Supply / Forecasted Sources 
,$I, 

< '/ 

1 
Saurre 
11. S. h y  Reduction 

Lower 48 - Ooshorr 

Lower 48 -Offshore 
Alaska 

Total U. S.D.). Reduction 

Imports (Net) 
Pipeline 

LNG 
Total Imports 

I Total 11. S. Dry Supply 23.2 100 22.7 100 24.4 100 I 
0 Unconventional gaspight Gas, Shale, CBM) growthoffsets decline in 

conventional lower 48 onshore production 

0 Alaska gas pipeline begins operation in 2020 (5 yrs later than 06AEO) 
0 LNG imports surpass pipeline imports in 2015 (4 yrs later than 06AEO) but 

decline by 2030. 



Unconventional Gas Sources 

oal Bed Methane 

Gas Water Seam 

Sub-Bihlminous 

Increasing Increasing 



COMPLETION 



US.  LNG Import 
Terminal 

Existing Terminals 
(Capacity-expansion) 
. Everett, MA (1.0 bcfld-no change) 
. Cove Point, MD. (1.0 I 1.8 bcfld-2008) 
. Elba Is., GA (1.212.1 bcfld-2009112) 
. L. Charles. LA (1.812.1 bcfld-*2008) 
. Gateway, GOM (.5 bcfld-no change) 

Lxpansion 
New Terminals 
[Capacity-start up) 

. Hackberry, LA (1.5 bcBd-2009 

. Sabine Pass, LA (2.6 bcfld-*2008; 
4.0 bcWd-2009) 

. Sabine Pass, TX (2.0 bcfld-2009) 

. Freeport, TX (1.5 bcBd-*2008) 

Existing terminals = 5.8 bcfld I New terminals = 9.0 bcfld -2009 I 
(Expansions to 

existing terminals = 1.7 

bcfld=30%) 

In North America 
13 additional terminals approved 

25 other projects on file with regulators 

21 more projects in planning stages 

Savn: EIA, wrb 02109 w I 



swrce: FERC 

rutsb~%banllrahlimm 
rpaim.weaaflrkrUNUN 
n r k m i n m e r Y h B .  . . 

.. . .. 

1 Source FERC and BP 

I 

260 Vessels in LNG Trade 12107, IZOShips on Order 

/ LNG Transported n - 163 c ( -2 .m and Lbnospheric Pressure (11600 Reduction) 

Shlp Fuel may be Cargo "Boll Off" r -0.1 6% per day of dual fuel (Diessl; reliquefaction onboard) 
3 3 - Standard Vessel is Increasing from 125,000m 1138,000~ (3 BCF) to 146,000m I250,OOm 

3 



Natural Gas Storage 

Consumine East 



U. S. Underground 'Gas Storage Facilities 
Statistics 

- - 
83,632 100 

:iU? S:tlUnderground Gas Storage Facilities 
Characteristics (Generalization) 

DIE 

Depleted Reservoir 

Aquifer 

Salt Dome 

Working Gas 
Casacitv 

Larger 

Larger 

Smaller 



Natural Gas Marketing 

, Rendent~al 
Consumer 

firle md Crr~rody Rebred NOTNecessarrly Related 



Natural Gas Marketing 
Players in the Open Access Environment 

Industrial 

Examples McDonalds Franchise 

Contribution 
Market For Services 

Price 
Regulated 

Objectives Secure Supply 
Minimum Cost 

$:4 1 6.); ': I 

. * 



Natural Gas Futures Contract 

Spot (Prompt) Month: futures contract 
closest to maturity 

Basis: difference between cash I futures 
prices (location, time, etc.) 

12-Month Strip: average value of the 
next 12 months futures price 

Divergence: cash I futures prices do not 
move in same direction I amount 

I I,,.., I 

t ' 

Natural Gas Consumer Hedge Illustration 
Consumer purchases futures to establish hedge, then sells 

offsetting quantities of futures each month to liquidate futures position 



Natural Gas Price Hedging 
Types of Instruments Available 

Futures Futures Swap 
Contract Option Contract 

Commitment 
kght to Futures Posihon 

Regulation Yes (CFTC & Exchange Yes No 
m x )  OTC No 

Delivery Yes No No 
Capa biity 

Term 72 Months Exchange 72 Months 
open 

OTC - Open (Years) (Years) 

Costs 

Purpose 

Objective 

Risk 

Lim~t Gas Cod 



THE END 
THANK YOU 
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INTRODUCTION 

This text is specifically designed to be used in Professional Training 
Systems, Inca's courses. 

This text and the associated classroom instruction are designed to acquaint 
students with electrical terminology, equipment construction, and 
equipment operating theory. 

The text and classroom instruction are not intended for those individuals 
seeking specific information on the maintenance or operation of specific , ,, 
eIectrical equipment. Any work undertaken on ele.ktrical kuipment should ~t.i,~;"..l. A i. 
be performed by individuals fully experienced and qualified to do so. The 
work undertaken should be done so only after having fully discussed the 
planned work with those ultimately responsible for the subject equipment, 
AND only after reading the instruction, operation and maintenance 
manuals provided by the equipment manufacturer. 

For those individuals seeking training in electrical equipment maintenance 
or operation on specific equipment, Professional Training Systems, Inc. 
can be contacted regarding the particular areas. 

In no instance slzould any portion of this text be 
reproduced for any purpose without the specific 
written permission from Professional Training 
Systems, Inc. 
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THE ELECTRIC UTILITY SYSTEM 
- AN OVERVIEW - 

An electrical utility system is madc up of four primary areas 
consisling of generation, transmission. subtransmission and 
distribution. Gencration is comprised of the total system 
required to convert some initial form of-energy-into e l c c t r i ~ a l , ~ , , , , , ~ ~ ~ , .  . _ -_ _ -. I *_. ____ _%_ , 
energy. The initial form ofe'energy may be in'the-forrn of "*' '"' '"""'-'-' ^+-^-- ','- 

burning oil, gas or coal (fossil fuel), moving water (hydro), 
nuclear fission (nuclear), heat from the earth (geothermal), or 
wind. In all of these cases, the end result of converting the 
initial form of energy is to spin a magnet in coils of electrical 
conductors. Figure 1 shows a typical utility system with 
steam generation. 

Transmission is the portion of the utility system that is used 
to get the power from a source of generation to the large 
substations on the outskirts of populated areas. For a larger 
utility system, transmission voltages typically range from 230 
kV up to 765 kV. Larger industries often take their power 
from the transmission system. 

Subtransmission is used to get the power from the outskirts of 
a populated area into the distribution substations inside the 
populated areas. Typical subtransmission voltages range from 
46 kV up to 161 kV. Medium size industries often take their 
power from h e  subtransmission system. 

ID I s ....- . distribution system takes the power from the,,~istribuuon ; I  - ,+sp:w 1. + 
pt/p:i > , I  <. ; ># b M ;$;, a$-,'# l i  $,:><, 

s 

tations and distributes it O de r e ~ a i o i n ~ : c u b m a s ~ ~ ~ ~ j ~ ~ ~ ~ ~ ~ ~ ~ f ~  ,.& k:i.;;,..~.., - 
These customers typically include smaller industries, 
commercial establishments and residential customers. 
Distribution voltages typically range from 2,400 volts up to 
38 kV. 

0 Professional Training Systems, Inc 2007 





ELECTRICAL PREFIXES 

Electrical values are frequently much larger or much smaller 
Lhan the cornrnon counting numbers. For example, the powcr 
generated by a utility company is in the millions of watts, and 
the powcr received from a communications transmitter may be 

-'- -a. -- - i z-+- I .  _..I* - .-&PC LY_. . -  - ,  -- -- -- a - , - - , - 4 - -  ----.-------A - A .-- -.- : . -- in the millionths of a watt. _ . _  , . =  -_- . u _ . , " - .  .._ _ _. . -- _ -- ._, .-,-.- >. <. - 

To avoid having to use many zeroes, abbreviations are used. 
One of these is M which represents 106 or 1,000,000. The 
quantity 5M would then represent 5,000,000. 

The table beIow lists some of the more commonly used 
abbreviations, prefixes, multipliers and values frequenuy used 
in the electrical world. 

ABBREVIATION PREFIX MULTIPLIER VALUE 

T tera 1012 1,000,000,000,000 
G gigs 109 ~,OOO,OOO,OOO 
M mega 106 1,000,000 
k hilo 103 1,000 
m milli 10-3 0.00 1 

... , 
. C1 , , :  

micro 1 0 - 6  0.000001 

10-1 
-' P ' P , , . .  ! 

EXAMPLES 

1200 MW = 1200 megawatts = 1,200,000,000 watts 

13.8kv = 13.8 kilovoIts = 13,800 volts 

500 ma = 500 milliarnps = 0.500 amps 

22 pf = 22 microfarads = 0.000022 farads 

+++++++++++++++ 
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VOLTAGE 

* Unit of measurement: Volt * 
* Abbreviation: "V" on drawings & in specifi- * * cations. "E" in equations * 

.-... L*...-.4'-..a- -2 ..-- ....>-...-- u.z -. -- 
. . 

* . . .-, .......... b *;=.OFer.names:- - Potential, electrical pot+ial,p-.----.- . . . , . . .  .--. ---+.--. -.+----.= .:. . . - . -  ..., ..--- ,~ , ... . . . . . . . . . . . .  - ~ :  ..i. .: .,,: . . .  .. . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .. , - : : , ,:. . . . .  . . . . . . . .  . .  * potential difference, * 
* electromotive force, EMF # 

* Instruments for measuring: Voltmeter, Oscilloscope * 
* * 

Potential energy has the ability to perform work. Waler behind 
a dam, a Iargc rock teetering on the edge of a cliff, and an axe 
bcing hcld above a piece of wood are examples of potential. 

If the dam should break, the water would destroy 
anything in its path 
If the rock should fall, i t  would crush anything 
unfortunate to find itself on the point of impact 
If the axe is aIlowcd to drop onto a piece of wood, 
thc wood would be split 

Notice that in each of the examples of potential cncrgy, the 
word "iE" appears. Potential cncrgy does work only if it is 
dlowed to do so. 

;>zlif:' , 1 + P . ~  ?., 
i -  .,#;,!A 1 ? 4141 hll ' 

, ; ~ ~ 2 0 1 ~ ~ ~ K ~ ~ ~ ~ e l e , ~ p i c a 1 , r ' e q u i v a l e n t  of these examples is volmge. i , 
) I  , I: :VOLTAGE HAS THE POTENTIAL TO PERFORM 

WORK, BUT ACTUALLY DOES NOTHING BY 
ITSELF. 

Voltagc is potential energy and cannot bc seen or heard. 
Voltage has the foltowing characteristics. 

W A push o r  force 
Does nothing by itself 

E F  Has potential to do Work 
W Appears between two points 
I@' "Always tbere" 

Figure 1 shows the two points across which a voltage appears 
on a battery and electrical outlet. Figure 2 shows the effect of 
high voltage on human hair. 

6 1 2 0  VOLTS 

Battery & Outlet Voltages 
Figure 1 

E102-1 
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DIRECT CURRENT (DC) VOLTAGE 

* Unit of measurement: DC VoIts, Volts DC * 
* Abbreviation: VDC, DCV * 

-.- .-'A,- - * - * -  - -. ---.- . - --. _a *__ I 1S--r'. ' +mu - *-*, -4 fup- - - - --A - - .- * 'Defin~uon: .The>veiage vd"e is not ze~o .G: - ;--c- -, ,-; - -- ;r -- - - .  - - . -.. 
* Instruments for measuring: DC voltmeter and * 
* osc i l loscopc * 
* * 
* L * - 
* SymboIs: = * * - * 
* T * 
* I3 a t  t e r y DC Voltage Source * 

Batteries are Lhe most common source of DC voltage. Wet-cell 
batteries, such as those found in automobiles, have a liquid 
inside. Dry-cdl batteries, such as those found in flashlights 
and portable radios, have a paste inside. Both wet-cell and dry- 
cell batteries produce DC voltage. Three of the more common 
types of batteries are shown in Figwe 1. 

BATTERIES 

Figure I 

Figure 2 is a graph of a DC voltage waveform produced by a 
9-volt battery. The average value of this waveform is not zcro. 
DC voltages always have a non-zero average value. 

t 
lo-: 9 VDC DC volts 

5-  - 
I 
I - 

1 Min. 1 Day 
. - Time&+. . . ,  . " - ,  1" r " ' ? . * - f i - . .  I " 

I 

GRAPH OF 9 VOLTS DC 

Figure 2 
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AC (ALTERNATING CURRENT) &Q$ { 
VOLTAGE - / 

* Y * Unit of Measurement- AC Volts. Volts AC 

" Abbreviation: V, VAC, ACV * 
___ ___i_  -^ _ -  - - -C-  ---- i_...&il - - -  -.A - -- - -- ---- -- 

* . ~efinition: A voltage whose avcrage value is zero 
* * - 
P * Symbol: 0 0 * * 

* * 
* * 

............................... C )  

The most common source of AC volklges are electrical utility 
companies. Virtually all residences, industries and commercial 
buildings are supplied with AC voltages. 

The "alternating" designation comes from thc fact that the 
voltage swings from positive to negative evcry half-cycle, 
with the positive and negative swings having equal or 
approximately equal value. Examples of these voltage swings 
are shown in the three examples provided below. Note that in 
each of thc waveforms the average value is zero; there are equal 
areas above and below the zero axis. 

7 7 $% Peak peak-to- Value mumLI Peak P ~ ~ K - ; o -  value AvAv 
-1 L 

AC WAVEFORMS 

Figure 1 

When compared to the sine wave, the square-wave and saw- 
tooth waveforms have limited application. Their greatest use is 
in the areas of communications and other types of complex 
electronics. Electrical utilities and thcir residential, commcr- 
cial, and industrial customers use AC voltage in the form of a 
sinc wave for practically all AC applications. 

RMS VALUES 
The sine wave, square wave and saw-tooth waveforms i 
Figure 1 have h e  same frequency (they cross the axis at th 
same points), they have the same peak value, and they hav 
the same avcrage value of zero. Bccause they are the same in 
these three ways, another method needs to be used to 
distinguish how the waveforms differ. 

The amount of work that can be done by each of th 
. . - -  ".. , $, hd waveforms is determined by the area bemeen the waveform 

the axis. Therefore, the method used to distinguish betw 
different alternating-current wave-forms should be a measure o 
this area. The method used is called root mean square or 
Rh4S. Figure 2 shows a sine wave. 
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SINE WAVE 

Figure 2 

The first step in dctcrmining the RMS value is to square the 
wavcform. This rernovcs the ncga~ivc sign of the lower 
portion of thc waveform. The result of squaring thc sine wave 
is shown in Figure 3. 

1 /Squared Peak Voltage 

I SQUARE OF SINE WAVE 

Figure 3 

Next, the average, or mean, of Lhc squarcd value is determined. 
Figure 4 shows thc mean of the squarcd sine wave. 

MEAN OF SQUARED SINE WAVE 

ean of Squared Peak Voltage 
Squared Peak Voltage 

\ / * \ ,  / < \ \  / . - x i  \ / e x  \ I \  .- \ 

Figure 4 

170 v-! 

Finally, since the waveform was squared initially, the square 
root is taken. The result is the root rncan square or RMS 
value. Figure 5 shows the RMS value. 

f \ I  I '  \ '  \ I  \ f  \ 
------- -\I--- ---- J-'------- ~i ------- J! ------- JL ------- J 

t ' 11 11 I' I' I 
/ I I I 1 1 
I I I I 1 I 
t 4 L F I t 

. ,Mean ot Squared Peak Voltage 
Squared Peak Voltage .- \ 

\ / \ / * \ ,  / \ / \ 
*t' - . 

/ -  -, 
I \ I  \ 1 \ f \ I  \ t , 

ROOT ME.4N SQUARE VALUE 

170 V,! 
120 V 

Figure 5 

------_ J_/_ ------ 31 ------- J i  ------- -\! ------- J! ------- 3 
14 t l  11 1' 1' 1 

I 
I I L Roo: Mean :qu.red dalue I 
6 

For a sine wavc, the RMS value is 0.707 of the peak value. 
Alternating-current voltages are always dcscribcd by their 
RMS value, unless specifically identified as peak (or peak-to- 
peak). To get the peak value, the RMS volfage can bc divided 
by 0.707, or multiplied by 1.414. For the standard household 
120 volts, the peak voltage is approximately 170 volts, 
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GENERATION O F  A 
MAGNETIC SINE WAVE 

Virtually all AC voltage produced by electrical utililics is 
produccd by spinning a magnet. (The exceptions are a few of 

u - A 3 . L  -.&-A dL+ ---z.= 
_- I /  .. - ---*+-. - -,- 4-. L---- - .- - - ,..-,-, -, _ ,.. -,-.-- .. A, ,: :, the many wind generators, a smdtamounlof soldr'voliaic; and . .. - - 

a small number of fuel cells.) If a magnet is rotated about its 
axis, a stationary reference point close to the magnet would 
cxpcrience a inagnetic sine wave that would alternate between a 
magnetic north pole and a magnetic south pole. 

In the illustration below, a person  he stationary reference 
point) is looking at a rotating magnet. At position A, the 
person would see the north pole of the magnet as having the 
same strength as the south pole because they are the same 
&stance from the observer. Since they are equal and opposite, 
the net result is zero. This is indicated as zero on the graph. 

Position A 
Figure 1 

A quarter turn later (position B), the north pole of Lhe magnet 
is at its closest to the observer. This results in the north pole's 
magnetic strength being a maximum. This is indicated as a 
peak north on Lhe graph. 

E105-1 
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Another quarter turn (to position C) puts Lhe magnet in a 
position of equal magnetic strength with respect to the 
stationary rcfcrcnce point. This is again indicated as a zero on 
the graph. 

I + +  
Posit ion C 

Figure 3 

The next quarter turn (to position D) puts the magnet in a 
position in which the south pole exerts it maximum field 
strength. This is indicated as a south peak on the graph below. 

Position D 

Figure 4 

The final quarter turn in the cycle puts the mape l  back at its 
beginning position (position E). A complete section or "cycle" 
of a magnetic sine wave has been generated. 

Position E 

E105-2 
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i SINGLE-PHASE AC GENERATION 

A magnet placed insidc a coil of wire and rotatcd produces a 
voltage sine wave lhat appears between the ends of the wire. 
This is called single-phase (10) generalion because a single 

Figure 1 

A hollow iron cylinder, such as the one shown below, is used 
to provide mechanical support for the coil of wire. This iron 
cylinder is called a stator. 

Figure 2 , 
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Slots running the length of the cylinder are cut on the inncr 
diarne~r of the iron cylinder as shown below. These slots are 
called stator slots. 

Figure 3 

A continuous conductor is then toopcd back and forth in the 
slots as shown below. This wirc is insulated to keep it from 
touching the iron cylinder. This wire is called a stator windin 
(bccause it is wound, back ,and forth). a stator coil, a stat 
conductor, or in cases in which the wirc is vcry large, it 
called a stator bar. 

7 Figure 4 

The stator is made of an iron that can be magnetized. When the 
magnet romtes inside the stator, a magnctic ficId is produced in 
the stator. This magnetic field rotates around the stator at the 
same speed as the magnet is rotating. This rnagnctic field in 
the stator is significanlly stronger than a magnetic field 
produced in air, and this resuIts in a higher output voltage. 
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'I'HREE PHASE GENERATION 

A ~ i l i ~ l c - ~ l l . i s c  vo11.1~c. is i~roe~uc.t.e~ o n  a condliclor that i a  1ool)c.d 
irlsicic ;ui iron c.ylir~tlc.r w i ~ h  ;I nl'lgllct rornring insitlc [lie cYlii~der.'l'llis 
is single-p11:lsc gc.ncsr,rtor ,ind I~roduce$ rhc ~ i n ~ l c . - ~ l ~ ; i s t .  w.\\e fnrrn 
sho\vn in t i ~ u r c  1. 

SINGLE PHASE SINE WAVE 
Figure 1 

Adding two n~orc. cond~ictors results in ;I rlircc-p11;1sc Senct.ator :IS 

iJIustl-;~ted it] 1:igirre 2. 

. . 
bT,. ,?<> &."; .!!~b~;~;:!& ,it.. ' Y ,  ,.?+A,+ . / ,.;, ?,2 .:. ;,< :, . .  . ?i  ,... " j  p$#; pki&b$i": .,, ., fi;;!fi*fi&$;b, ,! :>;;-.; .:: , :i$;j,$i;;* ,;,j ;,,?&#{.:!.!?& @*/g/#:;!/,; 

< , ,! ,c ,.j\ji,>" , .' , , ,.,**;&I+, . ,7:,.x"$>!$ -,, i ,,:::; ,/, Z', ;! , .::.,?t;Ik.L !> ,.. ,. ! > " > j 2 * ,  !!... ~: 

, , 
. . 

s ,  

'I'HREE PI 1ASE STATOR 
Figure 2 

As a magnet rotates past the red conduc.tor in Figure 2, the voltage 
sine w;lvr shown in red in  Figurr 3 is produced. As  he rnagnct pass- 
cb the blur iind yellow conductors rcspcctivcly the yellow and bluc 
volt:lge sine w;lves are pn>duced. 'l'hcsc thrce w ~ v e  forn~s  makc up 
what is callcd three-phase voltage. 

Figure 3 . . .. 
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GENERATOR STATOR 

The generator's iron cylinder is called a stator. 
The magnet that rotates inside the stator is called 
the field or rotor. Figure 4 shows a generator 
stator with the field removed. 

- -  .---& -----, . -..- -CLC . .&--- *-*-I---*- - - ----..----**---I- -- --- 
-+* , --. - - - --. ' .  -- * ------ ---. 

7 -  - ,-.>.-. - ".-- . . - v  .= -. - - - 
* -  - .- *..% . -- -.- - -. - -- 

< .. 
~ i l u r e  -5  shows operating hyd;oelec6ic' genera- 
tors. Figures 6, 7 and 8 show workers winding a 
large hydroelectric generator stator. 

Courtesy: Bonneville Power Administration 

OPERATING HYDROELECTRIC GENERATORS 

E 107-3 Figure 5 









GENERATOR FIELD 

The generator field (the generator magnet) is not a permanent 
magnet such as the magnets found in toys or those used to hold 
household cabinets closed. This is because permanent magnck are 
not slrong enough to provide the power levels required in utility 
and industrial generators. To provide the necessary magnetic-ficld 

An electromagnet can be made by winding a conductor around a 
piece of iron, and connecting the two ends of the conductor to a 
voltage source. In Figure 9a, thc tacks are not being attracted by 
the iron bar. When the ends of the conductor are connected to the 
battery terminals, F i~ure  9b, the iron bar bccomes a magnet and 
attracts the tacks. - 

DC CURRENT PRODUCING A MAGNET 

Figure 9a Figure 9b 

' j r a  i.+ . n ~ d i ,  r : : " 3 s F +  . ,The same principle is used to create a magneti$d,field in the ,. +,$I J , , .., s . , -L:q4!t,, 4 w<'! "$ u ' s <  4 ,.a 
I iJ ,L+.~.q,c!&~~l~~:~$@~@!~~, , "rotating part of a generator. A DC 'voltiige is, applied ii d .4@4!t, 1 ,.4 ,:it, ::; 

conductor wound on the field, and the field becomes a magnet. 

GENERATOR FIELD (ROTOR) POLES 

The generator ficld is made up of pole-pairs. A pole-pair consists 
of one north pole and one south pole. A Zpole field has one pole- 
pair consisting of one norlh pole and one south pole; a 4-pole 
field has two pole-pairs consisting of two north poles and 2 south 
poles; an 8-pole filed has four pole-pairs consisting of 4 north 
poles and 4 south poles. Figure 10 shows 2-pole, 4-pole and 8- 
pole fields. 

Figure 10 

The numbcr of poles in a generator field is direclfy related to the 
rota~ional spced of the field. This relationship is defined by the 
following equation. 



Courtesy: Bonneville Power Administration 
GENERATOR FIELD FROM STEAM PLANT 

Figure 11 ' 





Frequency s (iC) x 2 
('1 Number of poles = Revolulions per lrlinute 

The sundard frequcncy in the United Statcs and Canada is 60 
Hcrlz, rcsuliing in 

7200 
(2) Number of polcs = Revolirtions Der minute 

- - -  - - - - *.---- 2 --" TTIL_IW~l* __- - ? - - - "  - 
Thc cquation can also be written as -,- & . *-A 

(3) Revolutions per  minute = 
7200 

Nurnber of poles 

A Zpole generator spins at 3,600 rcvoluiions pcr minulc (RPM); 
a 4-pole unit would spin at 1,800 RPhI and an 80-polc gcncrator 
would spin at 90 RPM. 

In Figure 10, thc 2-poIc and 4-polc iiclds h:tvc ihc polcs insidc hc 
circunricrcncc. Figure 11 is a photograph of this lypc of ficld. The 
8-pole unit in Figurc 10 has poIcs [hat protrudc. Polcs that 
protrudc are called salicnt-polcs. (Salient is dcfincd in lllc 
dictionary as "projccting or jutting beyond a suriacc.) The salicnt- 
polc dcsign is less costly lo manufaclurc. A salicnt-polc dcsign, 
howcvcr, is used ior slowcr spced gcncrators; the centrifugal forcc 
would (hmw the windings off lhc ficld polcs at higher spccds. 
Fjgurc 12 shows a salient-pole field for a largc hydroclcctric 
generator. 

Thc fact that ~ h c  ficld is conslantly spinning (at 3,600 RPM for a 
2-pole gcncrator) providcs a challcngc in connccling lhc DC 
voltagc source to the conductors wound on the ficld. Thc easiest ., ,,,, . d  , * .  s 

ti:;* Lig!ii!$3 $@? " , :L * ,; ,, I *  , way to accomplish this is to rnount two mcwl rings, callcd"~j:'d'~ . . ;2, f , - ,a~  id' :&dg~pd #";, ~?;A$5k*$ ;,?f#~. /,#&$&,,> ,; l:$ygQ, ;f 6 
collector rings, on the shaft (Figurcs 13 & 14). Thc two ends of 
Ihc conductor wound on thc ficld arc brought along thc shaft ID 
the collector rings. One end of the conductor is connected to one 
ring, and ~ h c  othcr cnd of the conductor is atuchcd io thc othcr 
ring. 

Collector Rings 

GENERATOR FIELD WITH COLLECTOR RINGS 

Figure 13 
E107-10 
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Courtesy: Skip Collier 
. C 
! 

GENERATOR FIELD COLLECTOR RINGS 

Figure 14 



Carbon blocks, called brushes, ride on the surface of the 
collector rings as the collector rings spin; spring pressure 
keeps them tightly against the collector rings. The 
positive terminal of the DC power source is connected to 
one of the rings and the negative terminal is connected to 
the other ring. 

DC current flows from the positive terminal of the 
source, through the positive brush, into the positive 
collector ring, and through the field winding; the current 
then continues through the negative collector ring, 
through the negative brush, and back'to the negative 
terminal of the source. This current makes field into a 
magnet. 

All the equipment and components used to make the 
generator field into a magnet are part of what is called 
the generator's "excitation system." 

CClLCClOil 
RING 

CARBON BRUSH CARBON BRUSH ASSEMBLY 

Figure 15a Figure 15b 

The amount of excitation current required in utility 
generators is such that a single brush cannot carry the 
current; therefore, multiple brushes are mounted on each 
of the collector rings. Figure 16 shows multiple brushes 
on collector rings. 

A turbine is large fan that is coupled to the generator 
field. The force that spins the turbine-generator provides 
the name of the type of generation; when steam provides , , 
the force, it is called a steam turbine-generator (Figure 
17 shows a portion of a steam turbine); when water 
provides the force, it is called a hydroelectric turbine 
generator. 

When hot exhaust gas from a jet engine is used to spin 
the turbine-generator, it is called a gas turbine, 
combustion turbine or jet turbine. Diesel generators do 
not have a turbine coupled to the generator field; instead, 
the crankshaft from a diesel engine spins the generator 
field. 







FREQUENCY 

* Unit of measurement: Hertz * 
* Abbreviation: HZ * 
* Defiiition: The number of c y c l e s ~ r . s ~ o n ~ ~ ~  ,,, 2- . -*̂ ------.---' -- "a+.------- c.z."..--- ---a- 

- - - * .  - 
%*-,A; -zzZY-.7 -- 2 *: 2 - > - -;; . - . -- -.. = . -  . - -;r -A -* . Instrument for measuring: -Frequency ineter, frequency" ' * ~ ..-,--.- - - 

counter 

An AC signal alternates between a positive and negative value. 
Each time the signal goes from zero, to a positive value, to zero, 
to a negative value, and back to zero, one cycle is completed. 
This is illustrated on the waveform shown in Figure 1. 

4- I cycle -1- 1 cycle ->If---- 1 cycle 

< 3 cycles )I 

Figure 1 

Frcqucncy is the number of these cyclcs occurring in one second. 
One cycle is one hertz. Three hertz would be three complete 
cycles occurring in 1 second. ALL ELECTRIC UTILITIES IN 
THE UNITED STATES PRODUCE A 60 HERTZ SIGNAL (60 
cycles each second). 

Until the mid- 1960's. frequency was designated by cycles-per- 
second (also written cycles/second). At that time, the cycles-per- 
second unit of measurement for frequency was changed to hertz as 
a tribute to Heinrich Rudolf Hertz (1857-94). a German physicist 
who worked in the area of electromagnetic phenomena. 

Electric utilities maintain frequency very close to 60 hertz. When 
the total generation in a system equals h e  total load, the 
frequency is exactly 60 hertz. When the total generation in a 
system exceeds the total load, the frequency rises above 60 hertz. 
When the total generation in a system is less than the total load, 

. 4  

the frequency drops below 60 hertz. 
" - 

Figure 2 shows the frequency of the pacific Northwest electrical 
system. Figure 3 shows a frequency chart in Kansas City and the 

tion was lost by Duke 
shows the frequency 
uary 19, 1994 North- 

. " *  ..&+; .. II~F "- 

4- ' 
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Courtesy: Bonneville Power Administration 

PACIFIC HORTHWEST SYSTEM FREQUENCY 

. . < , .  . 
,:, 

Figure 2 

Courtesy: Kansas City Power & Light 

FREQUENCY DIP IN KANSAS CITY WHEN DUKE 
POWER LOST 2 0 0 0  MEGAWATTS OF GENERATION 

Figure 3 



Professional Training Systems, Inc 2007 





VOLTAGE RANGES 
Various standards are in use for s e g m e n t i n g  
voltages inlo ranges. These standards are used 
in electrical utilities. They have direct app l i  - 
cation for utilities' industrial, commercial and  
residential customers. One standard for vo l t -  

- -  * 

..L - - -. .-_== s-zq,z G _~~~ry=~~J~~ag--ranges=dividev:voltages--into; low,-mediums---&= 
. high, extia-highe and ultra-high groups .  - -  . 
These ral1ge.s are 

.................................... Low vollage 0-600 volts 
..................... Medium voltage 60 1-1 5,000 volts 

High voltage .................. 15,001-229,000 volts 
............... Extra-high voltage 230 kv - 999 kv 
........ Ultra-high voltage 1000 kv and higher 

Some typical low voltages and their uses are . 

1.5 - 12 VDC Voltage ranges of conlmon 
dry-cell batteries. 

12 VDC Voltage of automobile e l e c t r i -  
cal systems. 

120/240vac The standard vol tages  
found in residences. T h e  
120-volt circuits s u p p l y  
standard lighting and o u t -  
let circuits. The 240-volt 

. . .  r 'T,, , . . .  . . , circuits supply ,,,water h e  a t  - , , ,  , : , . , .  
q+ej $.ii ,.,:,!;, i. ;:i,.i&;;; r..! G:;#+z!>i7 +:!;!pj, ., . , . : . , .. .& : ' p V j  ,:G&~,ai;i'6$.ic'..̂ .. ip,-,.,t.i; kI.. 
! : ~ + ~ ~ : ; i ; ~ ~ ~ j @ ; @ ~ ~ 4 i  ers, i ranges, clothes, ; d ry ? r s  .'!$$i,,., &,: ~& i :$~ /&~ j$ f [#~ j2~ !  
?J!!+;::;., Q,'?";,#!-'~.l,r,? &..,.. , . ; .  G!. . . .  ., . 6 l,,. , d , . , ~ ,  ,. ' *!!:d,,,%;b<pl .: ,+ . . .  . 

larger air ' condi t ioners ,  ' '  

heat pumps and I a r g e r  
shop tools. 

480 vac The voltage most common f o r  
motors in industrial app l ica -  
tions. Also very common i n 
larger commercial buildings. 

Key portions of an electrical utility system 
(transmission, subtransmission, and d i s t r ibu-  
tion) are partially described by their vo l t -  
ages. While in some utilities, t r ansmiss ion  
voltages can be as low as 34.5 kv, the r a n g e s  
given below are consistent with those used i n 
larger electric utility systems. 

................ Transmission 230 kv - 765 kv 
Sub-transmission .......... 46 kv - 161 kv 
Distribution .................... 120 v - 38 kv 

Equipment designed for 120 volts should b e 
designed, at a minimum, using the Amer i can  
National Standards Institute (ANSI) gu ide -  
lines. ANSI C84.l provides a consensus gu ide -  - , - 
line for voltages. It states that res iden t ia l  

oltages shoul r  be between 114 v 
olts at the service entrance,. and 
olts "and 126 ' volts ' at the point "'of 

. 
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CURRENT 

* Unit of measurement: amperes, amps * 
* Abbreviation: A on drawings, I in equalions * 

* . +---i- ---- c- ? -rsr- -- * Definition: The flow of electrons 
,-" - L P I - I Y I - I Y -  -a- - -9y -4 +n+~irr i . - - .wbrrr t - - - r  -- - - -" -.-- C '- C - C  

.,-.,.. . 
*- - - 1  - . - - <  -. _"  CIICII"-- * "'yng&$int for AC2; DC " 1 *" lgzsz3g-m -. - 

. - * * 

Volkige is potential energy that exhibits a push or force, but 
which does nothing by itself. Everyone has experienced 
walking across a carpet, and then receiving a shock when 
reaching for a door-knob. While w a l h g  across the carpet, a 
voltage difference is built up between the person and the 
doorknob. As the person's hand gets closer and closer to the 
doorknob, the voltage difference pushes current through the air 
between the person and the door knob. The small spark that is 
scen is actually current flowing. Another example occms 
during a lightning storm when a voltage is built up between 
the clouds and the earth. The magnitude of the voltage 
increases to a point where the voltage pushes the current 
through the air. Lightning is current flowing through the air. 

E110-1 
. . - , -  - 
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Voltagc is constantly attempting to push currcnt. It can do so, 
however, only when a suitable path is provided. In the two 
examplcs just givcn, voltage is attcrnpting to push currcnt 
through the air. As a hand nears the doorknob, the path is 
shortcncd to the point hat  the volk~ge has cnough force to 
push the currcnt through the air. In the lightning example, the 
distancc bctwccn the ground and clouds remains esscnlidly the 
same, but the voltage bcrween the two continues to incrcasc 
until the voltagc is strong cnough to push dlc current through 
the air. 

Although voltage can push current through air, air is not a 
good conductor. The better the conductor, the lower the voltage 
can bc to push a given amount of current. Coppcr is a vcry 
good conductor. All modcm households usc coppcr wire inside 
the walls, and all appIiance cords use copper wire. When an 
appliance is pluggcd into an outlct and tumcd on, the 120 
volts pushes current out of onc of the slots in the oullct, 
through one of the copper conductors in the appliancc cord, 
through the appliance, and back to the other slot in the outlet 
through thc oaer  conductor in the appIiance cord. This simple 
example illustrates some of thc fundamental characteristics of 
current Five of the most fundarncntals concepts of currcnt are, 
current ... 

U 3  is what flows 
ICi? is pushed and pulled by voltage 

always returns to its source 
, never, decreases in value in its loo 

W;. ''prbduce~ heat" 

A concise relationship between voltage and currcnt can be 
stated as follows. 

Voltage will always be there first. Voltage always 
tries to push and pull current. When a path is 
provided (a conlplete loop), current will then 
f low.  

In the appliance example, 120 volts always tries to push and 
pull currcnt. When a toaster is plugged in and turncd on, 10 
amps leave the outlet from onc slot, 10 amps flow through the 
appfimce, and 10 amps return to the outlet via the other slot. 

TYPICAL CURRENTS 

.............................. Elcctric mixer 1 amp 
Color TV ...................................... 1.2 amps 

............................... Clothes washer 4.3 amps 
Clothes dryer ................................. 20 amps 
Toaster ......................................... 10 amps 
Range .......................................... 50 amps 

A pattern can be seen with the appliances listed above. Those 
appliances that draw the most current are those that use 
electrical encrgy for heating purposcs. This is a general rule in 
the electrical field. 

+ + + + + + + + + + + + + + + +  
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CONDUCTORS 

A conductor is anything that provides a path for current flow. 
Air is normally not a conductor, but becomes a conductor 
when lightning occurs. The most common conductors in 
electrical systems are made of copper or aluminum. with - - . - 
copper being the better conductor. Copper is the more corn-- , 

--A- A-...+~z-r-r- . I.- . 
-*I-, 

- -.r*t*-. - A *  . a " - -  .. % _  ,_  .-+. .,_+-.--_ _I.V - .- - --- -rnon~conductor used inside-elwfti~-@uip'meiit.- ,,-- U ~ - . I . ~ f ;  ~.7.-: 

While aluminum is not as good a conductor as copper, 
aluminum's light weight and relatively low cost make it the 
choice for many applications in utility and industrial 
applications. Among h e  most common of these applications 
are the conductors used in transmission lines, and the rigid bare 
lubulat overhead conductors easily seen in most substations, 

The rigid bare tubular overhead conductors are called buses. A 
bus is a conductor that is rigid. Most bus that is exposed to 
the elements is not insulated, is generally made of aluminum, 
and has a hollow circular cross section similar to a water pipe; 
bus found inside equipment may or may not be insulated, is 
generaIIy made of copper, and normally has a solid rectanguIar 
cross section. 

Conductors are specified by the size of the copper or 
aluminum, and by the type of insulation. Rectangular bus is 
specified by its physical dimensions such as 1/4 inch by 4 
inches. ~ubular  bus is  specified by the diameter of the bus, &d 

, , 
, ._* . .,&,by the thickness ofathe walls,,of ,: ;;,. ' .'.,', 

#:,{;$!;; <? . ,: ;{:. -:;;;;* .. ' . .,:;.'**$%a ; ...; ...... <";! "'"i**::*T&, #J!,$!: ,:f,l.:< !?.$$:;;:! ,:,:;:;: 
$,$&$ ,,, : :?{$ : :  !,. <>8E '- ;;,! i ,  + ~ , " $ g ~ $ , ~ ~ : . . ~ 5 ~ % ; ~ . . ,  ,t9 ,!;ik$j! , d;: , .s.$;..: 1 !:. 
".~ % I ; .. ". .+,< # * ~ ! f ~ . ,  . . .  ;, . .. ,, . . ,  , . , 

. . 
* .  . . , 

Solid Conductor 
(Wire) 

Insulat ion 

Stranded Conductor7 \ 

Wire and cable are specified by the diametcr of the conductor, 
and by the type of insulation. Larger diameter cable uses ' *' - 

thousands-of-circular-mils (MCM or KCM or KCMil) as the - *- 

unit of measurement. Smaller diameter wire and cable uses the " ' 
American Wire Gauge (AWG) unit of measurement. Both of ' . - 
these units of measurements are included in the tabIe on page 
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INSULATION 

The insulation specification on all insulatcd wirc and cable has 
Lwo primary components. One of these is the voltage rating. 
This rating specifics the maximum voltage that should be 
applied to the conductor. A 15 kv (15,000-volt) cable, for 
example, could bc uscd on a 12.4 kv system, a 13.2 kv 
system, a 13.5 kv system or a 14.4 kv systcm; but could not - - -  . - .  

be used when the voltage exceeded 15 kv. 

The othcr component for specifying insulation covers the heat- 
resistance characteristics of insulation. As current flows, it 
produccs hcat. The higher the current, the greater the 
temperature. The hcat caused by the current heats the 
insulation and excessive heat destroys the insulation. For this 
reason, insulation must be specified for a maximum allowable 
temperature. Since the current produces the heat, the hcat- 
resistance characteristic of cach type of insulation is spccified 
by a maximum current level. The maximum current levels for 
some of the more common types of insulation are included in 
h e  table provided below. 

By increasing the heat-resistance characteristics of the 
insulation, more current can be carried. There is, however, 
another alternative. The amount of coppcr or aluminum can be 
increased which will allow more current to flow without any 
increase in temperature. The efrect or conductor size on the 
amount of allowable current for Ihc same type of insulation 
can also be seen in the table provided below. 

Conductor Data3 of Single ,Insulated: Cpnductofs;:;,Rated O,!*, throug 
Volts, In Free Air and Based on ' ~ m b i e n t  ' ~ l i '  Temperature "of,f 30°G (8 

hula t ion  Tcmpcrature 
Rating .......................... 60°C 75°C 85°C 90°C 

Typc of Conductor ........ CU AL CU AL CU AL CU At 

Sizc of Diameter 
Conductor in Current in Amperes 

(AWG/KCMil) inches 
2000 1.63 1155 960 1385 1150 1505 1250 1560 1335 
1500 1.41 980 795 1175 950 1275 1035 1325 1075 
1000 1.15 780 625 935 750 1020 815 1055 845 
750 0.998 655 515 785 620 855 675 855 700 
500 0.813 515 405 620 485 675 525 700 545 
4 0  0.728 455 355 545 425 595 465 615 480 
350 0.681 420 330 505 395 550 430 570 445 
300 0.630 375 290 445 350 485 380 505 395 
250 0.575 340 265 405 315 440 345 455 355 
410 0.528 300 235 360 280 390 305 405 315 
3 10 0.470 260 200 310 240 335 265 350 275 
2/0 0.419 225 175 265 210 290 225 300 235 
110 0.373 195 150 230 180 250 195 260 205 

1 0.332 165 130 195 155 215 165 220 175 
2 0.292 140 110 170 135 185 145 190 150 
3 0.260 120 95 145 115 160 125 165 130 
4 0.232 105 80 125 100 135 105 140 110 
6 0.1 84 80 60 95 75 lo0 80 105 8 0 
8 0.146 60 45 70 55 75 60 80 60 

10 0.128 40 35 50 40 55  4 0  55 40 
12 0.1 16 30 25 35 30 40 30 40 35 
14 0.073 25 -- 30 -- 30 -- 35 -- 

Types of Insulation: 60°C-TW 
75Oc - mw+RH,RflW,THW.TIIWN.xHHW~ 
85°C - V 
90°C - TA,TBS,SAAVB.SIS.FEPJEPBPHH.THFW,XHKWJg 

SOURCE: National Electrical Code@ 1987 
NOTE: The data provided above is for reference purposes onIy. 
current carrying capabilities of conductors may be modified by the 
National Electrical Code@. Any determination of wire slze and type of 
insulation for an actual application must use the National Electrical 
Code@ as the guide. 



Wire and Cable Sizes 

0 0000 O R  (4I0) AWG 750 kcrnil 
000 OR (3/0) 

(Tormcrly MCM) 

500 kcmil 

0 0 0 (110) 

400 kctnil 

1500 kcrnil 0 2  

350 kcrnil 0 4  
0 6 
A ,  

Courtesy: Skip Collier 
Bus 

Figure 1 



Courtesy: Bonneville Power Administration 
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CONDUIT AND BUS DUCT 

Conduit is pipe that contains wire or cable. The purpose of 
conduit is to provide physical protection for the insulation of 

- the wire or cable that run inside the conduit. This protection is 
- - - a - -- - . - . ' r B  - *-> +--. - - - _ _. ----- _ ._- .- _.,_ - - ~ ~ : r r i ~ . f r 9 m  -___ __... l..__rr.I .- damage t h a t - c ~ ~ , 1 P ~ ~ & a ~ ~ ~ ~ ; , h & ~ ? $ ~ ~ e i :  ~ ! 9 ~ ~ ! ~ \ ~ ! ~ - ~ ~ -  - _ - 

- - people or animals.-' 

The most common materials from which conduit is made are 
steel, aluminum, fiberglass-reinforced epoxy and polyvinyl 
chloride (F'VC). The size of conduit is directly dependent on the 
sizes of the conductors in the conduit. The reason for this is 
that since heat is one of insulation's worst encmies, the heat 
generated in a conduit must not rise to a level that would 
damage the insulation. To ensure his, a maximum number of 
conductors of a specific size (AWG or MCM, KCM or kcmil) 
is specified by the National Electrical code@. When conductors 
of different sizes are placed in the same conduit, the conductors 
cannot fill more than a specified percentage of the tom1 volu~ne 
of the conduit. These limits ensure that there is enough air in 
the conduit to allow adequate cooling. If these limits were 
exceeded, the conduit would become an oven heated by the 
current flowing through the conductors. This oven would bake 
the insulation to a point to where it would fail, thus causing an 
outage. 

. , , Bus Duct,is an enclosure that contains bus. Usually the bus 
. ),J #:,.;; 1 94 

* * . , #, , J*f+ A . ~<*k#. @ 5 

.+!, l a  -a q,qy xL ! .& @?? g$pperi and- this cop ec byfMpz$if$ ~ ~ y r r n o $ ~ ~ s u ! a t e d ~ # { ~ ; ,  - ,$$f9- . a, . : a b ~ l y  SF 69' 1. ..r BES du%"i&~@%%9bp.6den&, peopie, and dustaand other P. * .  
contaminants away from the bus. 

Bus comes in two basic designs, non-segregated-phase bus duct 
and isolated-phase bus duct. Non-segregated-phase bus duct 
normally has a rectangular cross section, is made of steel and 
conrains the Lhree phases side-by-side. Isolated-phase bus duct 
normally is tubular, Isolated-phase bus duct has one bus-duct 
"tube" for each of the three phases. Figure 1 shows both non- 
segregated-phase bus duct and isolated-phase bus duct. Figure 2 
shows non-segregated-phase bus duct in an actual application. 
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GROUNDING 

* Definition: Connecting an object to h e  earth with * 
* . . .  , .  - . .  * . . .  

. . . . . .  
an clcclrical conductor. 

. . . . . . . . . . . . . .  . . . . . . . . . . . .  

QiLi,-,~--;r'&uy, >.~>-," -->. >:. *a,- 
* 

-uZAL.- . . .  
* 

.... . . . . . .  , .- . i d* -I+ -.-..? 4.- -.., .--;----. ..-,+-; -. .i , ___ . ....... . . --.. .... " . - . - " . ~ " . : - . . , " . - " .  :: - -"' * w.:. . . . .  ...... . .  ....... ,. ?.!."* .,..,,.. ," 
. . . . . . . . . .  ........ ., . . . . - . . . . . . . . . . . . . .  - . ...............-.. . . * 

* - * - * * 

In Ihe simplest terms, grounding is connecting an objcct lo lhc 
earth with an clcctricd conduclor such as copper. One of the 
common ways in which this is done is driving an 8-fool 
copper rod into thc ground. connccling a bare copper a b l e  to 
thc rod, and connecting the other end of the cablc lo lhc 
cquipmcnt or objcct that is being pounded. 

- w l - .  2. . .  - . f. - .  
1- 

n ovcrhead transmission and distribution sysrems 
hlning with an easy path to ground. This dccrcascs 

g-caused outages. Grounding also prevents or 
quipment damage when a problem. occurs.if'- . 

provides workers with a safer environment. The 
ment is illustrated in the example in  which an qi, .,,?k~ $?&SF 1 *'.' ' z r  

conductor comes into contact with a metal cabinet at - . ,- 
me a worker is touching the cabinet. If the cabinet 
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is propcrly grounded, lhe majority of die current that flows 
from [he conductor and through the cabinet will flow into the 
ground through the grounding rod. If, howevcr, the cabinet 
docs not have a good ground, a large amount oi current 
may flow through the workcr and then into the ground. If the 
latter occurs, the worker may be injured or killed. 

The ability of a ground to rninimizc equipment damage occurs . .. " -  - .- 
as a result of an electrical failure. In a particular type of failure, 
the system voltage can increase to a levcl at which the 
insulation is destroyed due to the high voltage. This can occur 
when the clectrical system is not grounded. Grounding the 
system prevents the voltage from increasing above the design 
level, and this in turn, prevents the destruction of the 
insulation. 
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RESISTORS 

* Unit of Measurement: Ohm * 
* Abbreviation: R. RES * 

* - - - * Purpose: Limiting or reducing current flf&wr___ . -- =,=--= e--uu---* - .-Lf --..- -Lc---. --r-* .--.- -. - -&  
0 * -  ........................ --e. -.-be 

,- -.+"" --\ * Tnstrubtnt for Meas&&: Ohmmeter " "--'"' ""'- . . - .  
* * 
* * 
* Symbol: 0 0 * 
* * 
* * 

Voltage pushes and pulls current through a conductor. Current 
is the flow of electrons. A good conductor, such as copper, is a 
material in which the electtons are easily pushed and pulled by 
the voltage. An insulator is a material in which the electrons 
are extremely difficult to move, such as in glass. 

A resistor is a device that has electrical characteristics between 
those of a conductor and an insulator. Its electrons are more 
tightly bound than in a good conductor, but they still can be 
m%d by voltage. Since the electrons do not move as easily , ., 

, , , , .  

inba resistor, ....A........ when fiesame voltage is applied l e+s .c ,~n t  ~icj+#@W+;@~ 
fldG in's' resistor h h  ifi~ a good condiictor. ~ h k  '*urpi!$&"of !!-J .f!: ;, ,,,+ ... ..,;!! ,l.l . ,  4% .' , .. . . , , , . . , , , 

, :. ' 
, , i l l  

resistor is to limit the flow of current in a circuit. . . . . . .  

In Figure 1, there is 1 ohm in the ground loop. The generator 
will push 100,000 amps in the ground loop, as shown in the 
following calculations. 

Voltage 
Current = Resistance 

. . . . .  - 4 ,  # , ,  , , , -: ,. . . . . , . . . . . . . . . .  - .......... . . .  . .. . . . : .  . . . . .  .... .... .... . 
---;--c- .. , .- T'.';. ->.. , < .- , . 

< <  ? ...* .. . .  pa-,.:3 ..". )'I;. ......... . . . . . . .  . . . . . - . . .  :;, ,,.? / I . ,  . . .  ..;i ...., --r .... ..... . -:.; ., .*A.. ..;.r".,: *. .: *.:, &'.. 
. . .  . . . . . . . .  . / ... -<. ..,. . .  . .  , .. - . .. ... fT -=., .;'..k.j%t 

" . =--> -;I,-*& 
> , . ; , x . . . . : .  >..>.. . . .":$, 

.z ,, ~ &,*!- Z' <.-,:,x*+.& . ?':;l!$,;i<<+:.~, T7 ..;;,. , .--; :+-*:,;;; g;:" <..'j, &;,;-. :,g$w&hc*. .T 

.. . +y4~&3&: 1.. ......&I. Ti; -*T~.:.:;!;j;e$*y:.z ;*.;,.3?: ,.>;*e.-%'a *, -422sp::&:~,:,;g -? . -4%: : ... ,!., .. . ,.?'..%.*. t -  -, .- ,% . * ~  ?. :v,"!>~ >.. 2-, .<v,:, *$$,ps: 5 :+ *<tv7 ;*c.: 
. ,*479& :iA., . :,+>-, : i s  .... ,::.%?*,: '&;,,-.:.',,;Y: k?a, , . 

. . . . .  . . . .  .. . . .  . .  .. . .;;.* - ;*-, *& -- a , .  - ;. .,. 
. . . .  . . ., j . .c&a ; .,;.;+.ti.. .; :." 

, . . , .  . . . .,.< . , ..z.-..s:... ' : . : . . '  
: Figure 1 . . 1 . ,:. . . . . .  . ~. . . . .  . . . . . . . . . .  . ...... ...... ... . . .  . .  : 3 ,  , ,: >.. .&... :*7:. : ;. +'..' <..;, ?><4 ... ; . . , .  .... ,,. . :.!.,. ;. , . .  ., . , 

. . .  
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100,000 Volts Between 

_ -I-. . - - - I _  - . .. . . 

PHASE GROUNDED WITH 
GROUNDING RESISTOR 

Figure 2 

When a 1-ohm resistor is placed in the neutral-grounding 
circuit, as shown in Figure 2, the total resistance in the ground 
loop will be increased to 2 ohms. The current in the ground 
loop will be reduced to 50,000 amps. This will result in less 
equipment damage. 

Current = Voltage 
Resistance 

= 50,000 amps 

Resistors in control and communication circuits are usually 
wire-wound or made of a carbon composition, Carbon- 
composition resistors come in 0.25-watt, 0.50-watt, 1-watt, 
and 2-watt. The actual sizes of the resistors in these wattages 
are shown in Figure 3. 

1/4 watt 112 watt 

-+mEk-- - 
0 . 3  +( D . 4 1 6 " ( t  

2 watt 
1 watt ** 

CARBON-COMPOSITION RESISTOR SIZES 

Figure 3 

Carbon-composition resistors use color coding of bands on the 
resistors to represent their ohmic value and their tolerance. The 
first band represents the first digit of the value, the second band 
represents the second digit, the third band represents the 
multiplier, and the fourth band, when present, represents the 
tolerance. These values are given in the ~ l e  in Figure 4. 
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Composition non-insulated resistors have a black body 
Composition insulated resistors have a colored body 
Wirewound resistors have the fust ouble widlh ,* +! 

'---PC A - - . dr-*r- - -~ - - . - ' ? Z ? Z S ~ - - ~ : - * " . : ' . Y . . ~  
- .  

1. 

COLOR CODING 

Figure 4 
4 - -d 

-* . -4.- - ...... --.. . w - . _ ~ _ _ _ - - ~ _ ^ ~ - ~ + U , U , U , U , U ,  ...... i _ *  -- COLO R-. VALUE" M'ULTIPLIER a . : ~ z ~ ~ t ~ ~ ~ ~ ~ ~ s  
B l a c k - -  0 - l o 0 =  1 . -- - 
Brown 1 lo1 = 10 -tl% 
Red 2 102 = 100 -L2 % 
Orange 3 103 = l,(b00 ~ 2 %  
Yellow 4 lo4 = 10,000 54% 
G~ 5 105 = 100,000 - 
Blue 6 lo6 = 1,000,000 -- 
Violet 7 l o 7 =  10,000,000 -- 
Gray 8 108 = 100,000,000 -- 
White 9 - 
Gold - 0.1 k5% 
Silver - 0.01 *lo% 
Black or 
no color - &20% 

Many of the resistors used in industrial and utility applications 
are much larger than the color-coded resistors. These powcr 
resistors normalIy vary in size up to 20 inches in length, and 2 
inches in diameter. The electrical charactcrislics of typicd 
power resistors are provided in the table in Figure 5. 

n - m z s r . L - - s r . ~  ;ir . 
,r*:*:?;a;l.p *- 2 z ; 2- .- -. 
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Wattage Range Current Range Resistance Range 
125-190 watts 0.25-50 amps 0.077-2000 ohms 
280-440 0.25-96 0.049-4500 
425-700 1.0-96 0.075-450 
600-950 1.0-96 0.10-610 
750-1220 1.0-96 0.13-780 

1 





OHM'S LAW 

Voltage pushes and pulls current through a conductor. The 
amount of current that can be pushed and pulled through a 
conductor is dependent on h e  resistance of the conductor. The 
relationship between voltage, current and resistance is defined 
by Ohm's Law. One of the Ohm's Law equations is - 

*.- . . , * -&. xw&.--.. 
. .- ~. 

. . .  .-,,, ' . .+ ...* --.. . - , - ........... +. ...... .-. .--.- ;&-:..-, , - ... .". .. .--..--. .. 
............ . .. . . . . . . .  -. . . . . . . . . . . . . .  - . .  .- 

R e s i s t a n c e  

Assume that a toaster with a 12-ohm heating element is 
plugged inlo a 120-volt outlet and turned on. The amount of 
current flowing through the toaster would be calculated as 
follows. 

Current = - 
Voltage - .  . . --"A .. . 

R e s i s t a n c e  

- - 120 volts  
12  o h m s  

= 10 amps 

Equations 1 is used to calculate current when voltage and - 

Wh n the 
%didcifa 

istance are 
Law in the 

. . 
\, .i,, .,,,;., ~ .'d.:.:*;<,,: ..& . :; ,;, ,; ,:,: pki,,,;i.j, ,.:?F ;; :;,.:,: ,,,.,, : 

,:; .. , *d<! ,.:°'. p:;,;,,q,: . .  ,?;!-;!:: 4.>.iT> 
, , .. , . . :st. . . . . .  

(2) V o l t a g e  = c u r r e n t  x ~ e s i s t a n c e  , :  - 

Assume that 2 amps are flowing through a 4-ohm resistor. 
The voltage produced across the resistor would be calculated as 
follows. 

Vol tage  = Current x '  Res i s t ance  

= 2 amps x 4 ohms 

= 8 volts 

The third format for the Ohm's Law equation allows resistance 
to be calculated when voltage and current are known. This 
equation is 

V o l t a  e . (3) Resistance = C u r  e: 

E115-1 ++++++++++++++++ - 
- 
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POWER (WATTAGE) 

................................. 
* Unit of measurement: Watts, kilowatts, megawalls * 
* 

. - 
* 

- - . - -  

-- -- - --- . P for power- -- - * --  
* Definition: Electrical work. Calculated by * 

1 * multiplying voltage by current* 1 

I * * 

I 
* Note: The cdculation of power in this section is limited to 

. - - .  - " A  DC circuits, and to single-phase AC circuits with a resistive ' - ! load. 

Voltage by itself does no work. Current by itself does no 
work. The two must act together to produce work. The power 
produced by voltage and current working together is measured 
in watts. It is calculated by multiplying the voltage by the 
current. 

I 
POWER = VOLTAGE X CURRENT&, w d r d a  

pushing 0.5 amps through a ::;,. ,. .. ,I,> , , * .  . .. *<,... , . 
,#I ,,; , ,>&-!.f,: '4 ?.8+ ' $;$; :-,, i : .:&;.ST .; i., .; . : ~r !. %: :!: . ;;$!: .s. 'L,~;,: ,. , j, !: ~..'~~?'#'$, ;:. 
kh?,:. sT2y*':l%; * '  ' ... .: ' , fq,.> ;,;; p h , l l  . ,: . .  *,' : 6 ,  ..f- 

POWER = VOLTAGE X CURRENT 
= 120 volts X 0.5 amps 
= 60 watts 

When a 60-watt light bulb in a 120-volt circuit is turned on, 
the current flowing through it is 0.5 amps. The wattage of a 
&vice can be calculated by multiplying the voltage by the 
current. When the wattage and voltage are known, the current 
can be calculated by dividing the wattage by the voltage. 

(2) CURRENT = W A T T A G E  
VOLTAGE 
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OHM'S LAW WHEEL 
The Ohm's Law Whcel, shown above, provides Ihc equations 
for determining voltage, resistance, wauage and current. It 
applies to DC circuits, and u, single-phase AC circuits that 
have a resistive load. 

+ + + + + + + + 4 + 4 4 + + + +  
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ELECTRICAL ENERGY 
CONSUMPTION 

. . . . . .  ... - * .  - . . . . . . .  

. - .. . . .  . * . .  . . . . . . .  - . . - -. - * - . , . . 
* Unit of Measurement Kilowatt-hours 

-.- *.*-- . .  ."<.a ,- ..--we. .. .: . ,.:. -, de --- -,.* ..<e-.---- :.,--.. 
.we- ..* . - 
. . .  **~ . -- ..*>-..&*w*." .*.+....-- <. .... - -.. -*a*,-%.- 
. . 

.. - 

* Definition: Power consumed in an interval of time * 
* Calculated by: Power consumed multiplied by the * 
* interval of time * 
* . . . . .  * . . .  ......... 

Electrical power is calculated by multiplying the voltage by 
- " 

the current. Electrical utility companies, however, do not use 
power as the primary billing component because power has no 
time associated with it. For instance, if a 1200-watt toaster is 
used for 1 minute, it is using 1200 watts of power. If i t  is 
used for 10 minutes. it is still using 1200 watts of power. In 
both cases, the power consumption is the same. 

1 In order to bill customers, utilities use energy. Energy 

It is *~fl(dl M M & / I # ~ ~ ~ J } I [ I ~ ~ Y ~ [ ~ # ~ E ~ & M ~ ~ ~ ~ ~ ~ ~ ~ Y P ~ R # ~  DO cr 1s u e . This is ca cu e y m tiplying length of the ti"? power L q : l ~ ~ f  8$&~&@1fl# ,,, 

..;. +. Eonsumption by the time. ( ? o ~ m ~ ~ y ~ y : ~ ~ ~ $ $  .. , . . .  1s. ~ ~ + ~ . . i : . , ~ , f + { , . ,  ..,, , Q  . . .  ........... . .  ! ... 'F' . .  ;; .. , ,ye L.,., .; f;,,,$4<: c,,"~#$y,.i,"i"l,4' ,/ ......... 41. . t  &Pumed. , . ~ne&ation, ... .. ,. f-! 8 : .  '. ,? ., 
. . h~s:i$.kpgs:d,$ $..* . . lf i+y~~w7 . ,,'EF~;: :la.  ; :: ! 

. . , 7 .  
' 5  ' a  

Energy Consumption = Power X Time 

For example, if a toaster is plugged into a 120-volt outlet, 
turned on, and draws 10 amps for 2 hours, the energy 
consumption would be calculated as follows - 

Energy Consumption = Power X Time 
= 120 volts x 10 amps x 2 hours 
= 1200 watts x 2 hours 
= 2400 watt-hours 
= 2.4 kilowatt-hours (or 2.4 kwh) 

It is very easy to calculate the energy consumption when the 
power does not vary. This situation, however, is virtually non- 
existent. When the power level varies minute-by-minute, 
calcuIating the energy consumption mathematically becomes 
much more difficult. Utility companies perform this . 

"calculation" with electro-mechanical or solid-state watt-hour ' I; 

+> < - -= * L - - :qa::~=5'.2 * - --* '  ~5qqq1:%# " < , w ,L$-. "'&-; ,," J. .: tstt:, -% +%a- *-*..?d.** ;? . 
1 r r y i -  . A&. -am".& - 

gure Lon the n&t page is a drawing of the diaIs of an *: :;t-..".. 
ectro-mechanical :.wait-hour ' meter._:Figure. 2 shows a . . .  
sidential watt-hour meter. Current flow produces a magnetic 
eld that causes a disk to rotate. Increased current 1eveIs cause 

, - r . .  : C. - .- Lli 

, - 
a. 

:2--$A the disk to turn faster: and decreased current, levels cause the 4 :* ",-- .- , , ,.. 
- "- . , * "  

'= :, + ++:A- disk to tum slower. The shaft of the $ connected by gears -I? , Y-* - . 
L :*i;tr, , - .-, . -7 $ 5  : "-a&. 

,- : 
, -*+-:a:**""-* to' the vt of dials showriii?: Fi$fiy$kIiand r V - . R W Q ~ . ~ @ .  %These -:. dials , %. , ; ~ ~ ~ 3 ~  *. .-TA&$&@ + - + - * A  * ,. 

~ - y. ;, ' 

A . -. >a "*- accumulate the*totdenergy c o n s u m p h o ~ ~ ~ ~  -:y* . . : -a 
a <  - I -  

+, 
w . , wi:-, 

. * 

- ?  . -.? % 1  1 * -  . ." ,. * - 
*. '* ' 1 

I / 4.". . . r' 
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WATT-HOUR METER DIALS 

Figure 1 

Courtesy: Skip Collier 
RESIDENTIAL WATT-HOUR METER 

Figure 2 



LOAD 

A load is any device or system that draws current from a 
voltage source. ( h a d  is also called demand) A load can be a 
light bulb, a motor, an industrial plant, an entire city, or 
anything else that draws current. - 

- - - -  - 
-. .. .- or system is described as h l l y ~ l ~ a ~ d ~ i € ~ ~ ~ , _ ~ ~ ~  

recommended '^current from the""- 
I - 

-" - -- "- 

voltage s&ce. Any additional current will cause overheating 
and sibsequent damage. The term "overloaded" means that 
some part of the system is overheated. 

The determination of whether or not a system is fully loaded 
can be done by merely comparing the magnitude of the current 
that is flowing with the maximum rated current. 

. .... - a  - ~- .- When current is drawn from a voltage source, the resultant 
quantity is power. Another way to look at load (or demand) is 
to consider it as power consumption. Power is measured in 
watts; therefore, load (or demand) is also measured in watts. 
Figure 1 shows some examples of load dcvices. 
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CAPACITORS 

* Unit of Measurement Farads * 
- - - -  - - -  * - - ". * Abbreviation: f 

= A,*--- - * A -  ..-u -s"- - - -** - * - - b -  

A - - - -- --- . - --- . - - - -- - -- * * 
* Symbols: * 
* * 

. - - - * " -  . " * 
............................... 

, _ _ _ _ <  _ , ____. A capacitor is a temporary voltage-holding or voltage-storing 
device. Capacitors are made with two conductive plates 
separated by an insulating material. When voltage is applied 
across the plate, an elecVicaI charge builds up on the plates 
(one becomes positive and the other negative) since current 
cannot easily flow through the insulating material. 

In Figure 1, no voltage is applied across the capacitor when 
the switch is open. When the switch is closed (Figure 2), 

No Voltage Voltage Applied Voltage Remains After 
on Capacitor To Capacitor Source is Disconnected 

Figure 1 Figure 2 Figure 3 

The graph of the capacitor's voltage as its dissipates or decays 
. . is shown in Figure 4. 

. . . .  . . . ... '* - .  

~ ,. , . , . , ,. . 
, . . . _ _ I .  

" .=a - .  -. . 
. . . -- - . . 

: .. .:. -4. .?..':.-ri - . . L  l $ + s ~ t r i  ..,. .- i: , $ . * , ~ - ~ : f ~ . . - ~ - f . ~ & ,  -7, .-,.---+..- -. . . . . - 
, , ,... , " >.. - ' ., . < ~ .  . . "  , . , ,  . ... .;. -'.'+'-..;., , 

\ : .- (- . . -.. " .- -. , .. - . . " l i  ' . ,. * ,> -.,., -:. , , * ' ' 

.. , , . . r  ..I' . '.: : .. . . . . 
, , .  , -  

. ' _  , . .  , ' - . l?iguie 4 
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Figurc 5 shows a circuit with a DC voltage source, a 
capacitor, a switch to connect or disconnect the capacitor, and a 
spcaker. Figure 6 shows the shape of the volrage source's DC 
waveform. 

SPEAKER CIRCUIT HIGH-RIPPLE-DC VOLTAGE 
Figure 5 Figure 6 

When the switch is open, the capacitor is not part of the 
circuit. The voltage applied to the speaker then has the same 
shape as the source signal shown in Figure 6. This high-ripple 
voltage produces an objectionabIe hum from the speaker. 
When the switch is closed, the source voltage is applied across 
the capacitor. As the source voltage builds from zero to a peak, 
this voltage is also applied to the capacitor (Figure 7) and the 
capacitor charges to the peak 50 volts. As the waveform 
reaches the peak and starts back to zero (indicted by the 
downward dashed Line in Figure 8), the capacitor, as a voltage- 
storing device, attempts to hold the voltage at 50 volts. As the 
capacitor loses its energy, the capacitor voltage decays towards 
zero as shown by the solid arrow is Figure 8. 

VOLTAGE APPLIED VOLTAGE DECAY 
TO CAPACITOR OF CAPACITOR 

Figure 7 Figure 8 

However, before the voltage can decay back to zero, the source 
voltage returns to zero and starts upward towards a peak. The 
source voltage catches the decaying capacitor voltage and 
recharges it  back to the peak voltage (Figure 9). This 
discharge-recharge action continues, resulting in the waveform 
shown in Figure 10. The dashed waveform in Figure 10 is  he 
source vollage. The solid waveform is the voltage applied to 
the speaker that alIows the desired communication. 

VOLTAGE BEING "HELD UP" VOLTAGE APPLIED 
BY THE CAPACITOR TO THE SPEAKER 

Figure 9 Figure 10 
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INDUCTORS 

* Unit of measurement: Henry * 
- - - 

* Abbreviation: H . .  - . - * _  " 

.Uu.-"-.-(--.w -%Z?@nction: Temporarily stoies CWkn 2 L . Z  T~:"---- - $ ~ ~ % Z : - * - & - - + ? - T ~  " ~ .--, 
- - -- - - - * Description: A coil of con,juctor - -- - - -- * - --- - --- - - - -- - - 

* Other name: Reactor * 
* I 

* * 
* * 
* Symbols: * * * - . . - - ., -- - . 
* * 
* * 

When current flows, a magnetic field is produced. The direction 
of this magnetic field, assuming positive to negative current 
flow, is shown in Figure 1. 

. . 
.. . . .  4 ,  .. ., , , , ,  , 

.. . . . ,  . ;/ 

Current Flow 

CURRENT FLOW AND ITS 
ASSOCIATED MAGNETIC FIELD 

Figure 1 

The magnetic fields have energy. Inductance (represented by an 
"L") is a measure of this energy. When a conduclor is wound 
into a coil, the magnetic fields reinforce each other and the 
total inductance increases. 

Inductors are coils of conductors that store current in the form .. . . .. . 
of a magnetic field. The more turns there are in the coil, the ..---.>:- - : -  . :.-.-. ;:,'". - - . -. I I.. , . -. greater the inductance, and the greater the ability' to store - -. . - . - . , .  . .- - . .- . . I  

current Some inductors are constructed with an iron core such - - - 
coils of c o n d u c t o r s ~ w ~ ~ ~ o n 1 y ~ ~ ~ L ~ ~ ~ ~ $ ~ ~ ~ ~ ~ 3 ~ ~ ~ t ~ ' f ~ j ~ ~ ~  ".' 

insulating oil) . , in centw., . .e-y-!?- "i %?*y. z2.zs . * $j:::.;.y*;+:' , >.A< .,*fiys. :**~ ..; 
.. , ,:*, ; 

-. ,4. - :, .* . s *F%YG s ~ : ~ ~ , + ~ * ~ ~  * ,_(_ . ,. _ - , . -*. .,. 
, . .. -,*,? 2 : '.' *, .s ,+. *. - -.-a, ,.&-\.%;:*~,#,c;~%;; ,3 .: - 

'?;- ,. - " ., : -2 . '. .; .< :..= v.,- .: :,;. .;,; - <. +-** :..i%?E = ,::.q-$j, >% ,:<*, &-*->: -,.> .- ..- 
. .- , , . a s ~  .< . . - .., .,.. 2 -- ~S . .. ..;?;.r',-., . ,% .. :: :$;+-.q+:.:.*:;;,+: :.$+s~$z,v& p: ::-,* ,:-. , 

.r . -  :..g.;?*.f .&; "- .F,:i,~s*.!j-&.&...i. 
., . ., *.r - .  . . . .,,: 5. " -;-.:,,$ >i*.f..!.z&yL~.;!- y- 

, -  . - ;.--;... ;---. .:. ;.<:: .; , . .'. ." - .  . %  _ ~ & .  ... - 

.... . , . - 

f 

IRON-CORE INDUCTOR 

Figure 2 
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RESISTIVE, INDUCTIVE AND 
CAPACITIVE CIRCUITS 

- Electrical circuits can be classified into one of three categories - 

- . - -. - -  depending on the type of load. These categories are resistive, 
- .> ..F"- A--- ' - ap+csi$ean_d inductive,-In.ar~sis~~,~~irc~~t;-fi~~@tage p ~ d ~ ~ $ - = y a  j:t-y--r.-i.-.lrrl. - .- 

- a - - .. - - cUri6iiTwiVEfonii"sSare 5-phase and cross the time axis at the 
- same time. This is shown in Figure 1. 

Time- 

RESISTIVE CIRCUIT 

Figure I 
:Q ,':. ?$4, .p ' ;~2~~e/;js~~j~;;i;j!y,,~'~ I.,+ :.:". .I>,. .+;>?& ', L2ec:$ t<2,. . :I $ . , , , I  ~ ~ 3 ~ 2 $ j , > ~ . ~ i ~ $ ~ $ , ~ ! . : + ~ i + i ' '  . ? ,  -,ct+jf''' w;;..$r: ' i s %  ;!*T*#'w&5>,;a $!$; i3?!p;,:, :,:):$;,,$?'$: ,?,, ' . . , : :; . $ 9  " p 
4. . .I ' - .  i .  ..,p i., 

, ;I,,* ,: . ,14',i , t  
, . . . ., <..> 

. . . ' .  . ! ,;I . . ve and capaciuvk c&its, the volbge and current 
waveforms do not cross the axis at thc same time. In an 
inductive circuit, the inductive devices momentari- 
ly retard the current. This causes the current 
waveform to cross the axis later in time. Since the 
voltage is not being retarded, the voltage waveform crosscs the 
axis at the same time it does in a resistive circuit. Inductive 
circuits are lagging because the current lags the voltage. This 
lagging characteristic of the voltage and current waveforms is 
shown in Figure 2. 
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In  a capacitive circuit, the capacitive devices 
momentarily store the voltage. Thus causes the 
voltage waveform to cross the axis later in time. 
Since the current is not being stored, the current waveform 
crosses the axis at the same time it does in a resistive circuit. 
Capacitive circuits are leading bccausc the current lcads the 
voltage. This leading characteristic of the voltage and current 

- . - .  - 3 k waveforms is shown in Figure 3. - -_ >, " - '..A- C y -  --------rr*+ 
.* - - - .-' a ,-. - .--. .-- 

Vol tagc 

0 

C 

Time - 
CAPACITIVE CIRCUIT 

1 o * .  ,$ < i< 1 r t r ,  , ,  * 6  7 I I ~ ~ *  1 1  #qhh@qi~~$&Rj!i!f!j4I{4fi # ~ l ~ ~ ~ ~ l ~ ~ ~ l  Figure 3 

The relationship between voltage and current waveforms in t , is4.t-; > . f i ,  , ,  ,,a , ,-., 9 . - ,a,n K/hj/si+i, indwtivc and camcitive circuits can be remembered using the $$i;$@;b~ i(i$3[$ ih"!;Jfj ' .. c, ,?,f~;i$%d$;; 
following phrase. 

ELI I C E M A N  

In the name ELI, the "E" represents voltage, the "L" represents 
an inductive circuit, ("L" is the designation for inductance), and 
"I" represents current. In the name ELI, reading from left to 
right, the voltage comes before the current. This is also the. 
relationship of the voltage and current waveforms in an 
inductive circuit. 

In the word ICE, the "C" represents a capacitive circuit. In the 
word ICE, reading from left to right, the current comes before 
the voltage. This is also the relationship of the voltage and 
current waveforms in a capacitive circuit. 
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POWER FACTOR 

Power factor can be described as the displacement of  he 
voltage and current waveforms from each other in  an electrical 
circuit;The position of the current waveform, with respect to - 

the voltage waveform. determines if the Dower factor is - -  -- 
- 

. 

., . . . - . .. . . . . . - . . . 

FORMS CROSS THE AXIS AT THE SAME TIME. (See 
Figurc 1) UNITY POWER FACTOR OCCURS IN A 
RESISTIVE CIRCUIT. 

Time ---+ 

. - 
.qx4 ? 1. %!if;+;,; : ; ; i ? ; i 7 i !  : .<: !; ;.-.$i;],i;.; . .; ; { 4  ,+.;I I;. . f t - :  j.; :<$ . ; I i j ; : ;  i ; ; ,  I . . 

RESISTIVE CIRCUIT : I  .;!! :3t;,,,:$-fj!itjl L ip ,, .!,!gj, 
, . . ,  , , . ,  . 

I IN A LAGGING-POWER-FACTOR CIRCUIT. THE CUR- 
RENT CROSSES THE TIME AXIS AFTER THE 
VOLTAGE CROSSES. (See Figure 2.) LAGGING POWER ~ FACTOR OCCURS IN AN INDUCTJYE C1RCUIT. 

I 

Time - 
' .  . .. . .  - , 
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Time -----t 

CAPACITIVE CIRCUIT 

Figure 3 

Unity power factor is also called a power factor of one, and a 
powcr faclor of 100%. As the powcr faclor Inovcs from unity,  
it moves away in eiiher a leading or lagging dircction. A 
power factor of 95% leading is also callcd a 0.95 leading powcr 
factor. A 95% lagging power factor is also callcd 0.95 lagging. 

'The mosl cconomical poinl of opralion is at unily powcr 
factor. Most industrial and commercial cuslomcrs, howcvcr, 
would operate at bclwcen 0.99 and 0.75 lagging powcr Factor, . I if ~ h c  powcr laclor wcrc not concc~cd. Thc lower' ~hc'~ow~tl~~Ilt~f/r'~~l'~ * i : ( i ~ l i l ~ ! ~ l i ' + ~ i ~  

tor, the lcss cconornical the systcms opcralc. Elcclric 
crs Lo opcralc wilh powcr ficlors in ' ; ; 
tomers that do not, are assessed a 

financial charge if their average powcr factor is bclow a cerlain 
power factor such as below 95%. 

The rcason that unity power factor is desirable can bc sccn in 
Figurcs 4, 5 and 6. In Figure 4, current is always posilive 
whcn vollagc is positive. Power is calculated by multiplying 
voltagc by current, and whcn bolh are positive, the rcsult is 
positive powcr. In Figure 4, current is aIways ncgative when 
volragc is negative. A negative valuc limes a ncgativc value 
produces a posilive value, which again rcsulls in positive 
powcr for h e  ncgativc half-cyclcs. 

I ' r ~ ~ ~ l u c t  crf porili\.c \poll:~pe :lnd 
/ pori l i \e  rurrcnl is  pr~\ilivc pot\,er 

I'roduct ol' n c p ~ l i \ c  vollafc and 
ne~nli\.r current is p~)silivc pnwcr 

. . . . . . . . . . . - .  . . . - ._ . . . . . . . . . . . .  . . 

POWER PRODUCED IN A RESISTIVE CIRCUIT 

Figure 4 
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As the current waveform begins LO lag the voltage waveform, 
only a portion of the current is positive when the voltage is 
positive in the positivevoltage half-cycle. This still produces 
positive powcr. However, the remaining portion of the currcnt 
is negative when voItage is positive and this produces negative 
power which counteracts the positive power. As the current - 

- -- - 

waveform becomes more and more lagging, the amount of - -- - - 
.‘ -.' - . -- -,,<1~ ,wgegativc -- power increases until Lhe-ap>ynI ?!znegf t t&e .p_qyem-- -  , 

-,- . *&<, ,+. A =  :A - , = : % T ? . T w  ---* *, --,-._'c.- *<-*-.- -- ...*e 
- . -  . - -  - equals the 'fksitive power. lnJthis situation, the actual work- - - - . - .. 

~roducine: Dower in the circuit is zero. This would occur with a 
i00% in&kive load and is shown in Figure 5. It has a lagging 
power factor of zero. (Likewise, in the negative-voltage half- 
cycle, the positive power is cancelled by the negative power.) 

Product of potithe voltage and 
pohiti\e current is posilive power 

- Product of ncgativc volPagc and " 
- " 

neadtive eorrent is posltive power 

+. - .  . . . , ., -. . , , ,  

. . ? Y  * , .  "?. .. 
. . , .. 

positive current is negslivc power , . , .. , . ,, *: ': ' , ,' 

POSITIVE POWER AND NEGATIVE POWER IN 
A PURELY INDUCTIVE CIRCUIT 

Figure 5 

The same situation occurs when the current waveforms leads 
the voltage waveform, with the amount of negative power 
becoming closer to the amount of positive power as the power 
factor approaches zero in the leading direction. Figure 6 shows 
the relationship of positive power and negative power in a 
purely capacitive circuit. In figure 6. the amount of positive 
power equals the amount of negative power and the net work- 
producing power is zero. 
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Prnduct or positive voltage and / positire current is positive power 

Product ul  ncgalire vo l ta~e  and 
n c ~ a l i v c  current is positi\e powcr 

. . . . . .. . . . . . . . . . . . . 

\I'rodocl o l  negstibe voltage and 
- Voltage -\ positi\e current is  negative pourer - - - C:urrenl . . . . . Poaqr 

Product of posilivc voltage : ~ n d  
ricgatile current is negntive power 

POSITIVE POWER AND NEGATIVE POWER IN 
A PURELY CAPACITIVE CIRCUIT 

Figure 6 

+ + + + + + + + + + + + + + + +  
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DETERMINATION OF POWER 
FACTOR 

Calculating power factor can be done by using the voltage, 
current, and wattage readings on an elecmcal system; and then 

. - - . - - - 
substituting these readings into a power-factor equation. The 
meters used to provide these readings are shown i n  Figure 1. 

*JLqu--9C- - s + . - w  .+-- 
d. .- .- - -  <z-m. - --- e - 

-,srur 
-;_1_CLt:'5ir'5ir'5ir ~~;t-Irs-t4&-aF \J ";2?-z*. w.-*-2.7;* :a\* - -- &P 

- - VOLTMETER- - .  AMMETER WATTMETER -- 

METERING FOR DETERMINING POWER FACTOR 

Figure 1. . ,  --%..- 
> .. , 

;:! :.i~;,,;Tl;,,,; fillit: ,:;::f$&fl@&t#~~?e~p~4~~$i;j~t;i , .Z : ~ ~ , ~ ~ : ~ ~ f i i ! ; ~  . :: 1 ' 

/ .  : 
. , 

' , , :;id.psib;;i ,,"".*~&ll~,$~~:*. % ',:t'L'* a t 8  'it;- 424- 1,";: , * .*,, . ~ ~ ~ J x .  I$,<:* !; 

, * . <&$;$+$,, , . , I .  * '  , 'wbj~&,b~$$,r I, I : , , ,,., . . . , i s ;  : ' ,'. , ., i'., 
, , '  

V o l t s  X Amps  

The equation used for a 3-phase system is 

(2) Power Factor 3 0  = 
Watts 

V o l t s  X A m p s  X 43 

Assume that the readings on a 3-phase system are 13,800 
volts, 1,800 amps and 38.7 megawatts. These readings are 
substituted into the equation, and Lhe power factor calculated. 
The calculations to determine the power factor on this system 
are 

Power Factor 3~ = Watts 

V o l t s  X A m p s  X 43 
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DETERMINATION OF 
THREE-PHASE POWER 

Single-phme AC power (with a rcsistivc load) and DC power 
can be calculated by multiplying volts by amps. In a thrce- 
phase system, howevcr, two othcrs iactors enter into the 
equation. One of thcse is the square root of three. Thc other is - 

powcr factor. (Power iactor also applies to single-phase 
systems.) In a throe-phase circuit conraining only resistive 
loads, the power (in watts) is calcula~ed by muliiplping the 
voltage by thc current and by the square root of W. 

Power (h ,,,I = Volts x Amps x 43 
= Volts x Amps x 1.73 

Assuming a 13.8kv (13.8 kilovolts) system carrying 1800 
amps of resistive load, the power in watts would be calculated 
as follows. 

Power (i, wa~ts) = Volb x Amps x 43 
= 13,800 volts x 1800 amps x 1.73 
= 43 mqawaus (hlW) 

In the example above, the power factor was assumed to be 
unity (or one or 100%) which indicarcs a resistive load. If Ihe 
load is either inductive or capacitive. the calculation of power 
in walls must include multiplying by the power factor. 

L 1,- 

;;i@i.,*;Jh*; + b + j%4;':,4 j7 , 3 

a ' ,. . I ,  *.",i ,. . 
.,d> * "dr+',*4r< .*?%3 bf!?.; !/%# J P f !  , 

1 . - i The general equation for cabdat ing  threemphase :!$$!f' , 
power in watts is 

(1) Power (1, ,,tb) = Volts x Amps x 43 x Power Factor 

If the syskm that was assumed for the example abovc has a 
power factor of 87% (0.87). thc calculation would be 

P o w q k  = Volts x Amps x 43 x Power Faclor 
= 13,800 v x 1800 a x 1.73 x 0.87 
= 37.4 megawatts 
= 37.4 MW 

The general equation for calculating three-phase 
power in volt-amps is 

(2) Power (ln volt-amps) = Volts x Amps x 43 

In the system that was assumed for the example above, the 
volt-amps would be calculated as 

P~wer(,,~~.,~~) = Volts x Amps x 43 
= 13,800 v x 1800 a x 1.73 
= 43,024,142 volt-amps P A )  
= 43,000 kilovolt-amps 
= 43,000 KVA 
= 43 megavol t-amps 
= 43 MVA 
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REACTANCE, IMPEDANCE AND 
REACTIVE POWER (VARs) 

-.-% - --. - r. & e f i n i t i ~ ~ l ~ t k e a c ~ u i v a l e n t s e ~ c e  c ~ f - 4  - - WC- 
, - - 5 : -..:".a%- -- L --*? : ~ ~ - ~ i ' ~ - 2 - $ ~ . - * - - -  * - C : "* 4. *- - *-- ---u -."- ---' " "--" 'I."- -3  

- - - . - . --- - . . .. - -=tance and cap3citance - * - - - - - 
* Unit of measurement of reactance: ohms ( a ) * 
* Abbreviation for inductive reactance: XL * 
* Abbreviation for capacitive reactance: XC * 
*'------------------------------------------- * 
* Definition of impedance: Total resistance, inductive * * - reactance and capacitive reactance * . -.- * Unit of mcasurement of impedance: ohms ( l2 ) * 
* Abbreviation for capacitive reactance: Z 4 

* -- ----------------- * 
* Definition of reactive power: Non-work producing * 
* p o w e r  * 
" Unit of measurement of e 

Inductive Reactance 
Reactance can be Iooked upon as the equivalent resistance of 
inductance and capacitance. The equivalent resistance of 
inductance is called inductive reactance (XL) and is measured in 
ohms. Inductive reactance is calculated using the formula 

where x: = 3.14 
f = frequency in licrtz 
L = inductance in henrys 
XL is in ohms 

Given a coil with an inductance of 0.2 h e k .  the inductive 
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- - 120 volts 
75.36 ohms 

- . -  2 - -  -+ . - -- - - -- -- 
= 1.59 amps 

Wacit ive  b c t a n c e  
The equivalent rcsistance of capxilance is called capacitive 
reactance (X,) and is also measured in ohms. Capacitive 
reactance is calculated using the formula 

whew n = 3.14 
f = frequency in hertz 
C = capacitance in f a d s  
XC is in ohms 

Givcn a 220 microfarad capacitor, the capacitive reactance 
would be calculated as follows. 

. . > :  . .  . : ..!, , !.. . , .  , , ,ii:,zr. , .,.A . ., ,. , . .  . ? .; .. ' I , . , .  + . .  . . , . > ,  :, m ,  . .  
;,,; p.,Jjfy#.c~a$4i,$p ;,$;!, x:,:f'$;;. :<:$,:;t 

, .  . 
. . \+.J:.p -.?:..-k+ 

. I * ! . . :  ." , .  , , ,. . !Il ,::,!..+:.. ! ,,, i; ,L 
., . '  

. . . .  , . , . ....,.,, ;-, , l i ' ~  , F ~ ~ J ~ I . . : ,  cii c&?.: = . .* .; - , . ,  

. . , . f  . . 

2lrf C 

- - 1 

(2) (3.14) (60 hertz) (220 x 10 -6 farads) 

Assume that a 120-volt, 60-hem. vollage source is connected 
to the 220 microfarad capacitor. The current flowing through 
the capacitor would be calculated using Ohm's Law (I = Em) 
with XC substituted for R as shown below. 

- - 120 volts 
12 ohms 

= 10 amps 

Impedance 
Impedance is the total resistance, inductive reactance and 
capacitive reactance in an electrical component, circuit or 
system. Just as resistance, inductive reactance and capacitive 
reactance are measured in ohms, impedance is alw measured in 
ohms. Impedance, however, is not a straight addition or 
subtraction of resistance, inductive reactancc and capacitive 
reactance. For instance, givcn a circuit containing 10 ohms of 
resistance, 8 ohms of inductive reactancc, and 4 ohms of 
capacitive reactance, the mml would be neither 22 ohms nor 14 
ohms. This is because the phase angles must be taken into 
account when combining the three quantities. 
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In a resistive circuit, the voltage and current waveforms are in- 
phase (zero-degree offset). This offset is shown in Figure 1 
using a vector for the resistive component. (A vector is an 
arrow that has both direction and magnitude) The resistance 
vector is zero degrees from a horizontal axis; this represents a 
zerodegree olfsct. - -- -- - -- - -- . - - . - -- -. .--- - - -  - 

- - - - - - - -- .-- - - -- , 

w- . - . r - ~ r r ; .  --" ..------__.__ -,_- - 
u- 1 - 41*. - -c- --. -,-%,*. .'.- - 

" .  ---  - - ---- .- .- -.- ,--- -- --- ------ 
b 

R 

-- - 
-A - " <* 

In an inductive circuit, the current lags the voItage by 90 
egrees. The inductive-reactance vector (XL) is shown in--- -= -- .----- --= -- 

Figure 2 with a 90-degree phase shift from the resistive vector. - 

Figure 2 

In a capacitive circuit, the current leads the voltage by 90 
degrees. The capacitive-reactance vector (XC) is shown in 
Figure 3 with a 90-degree phase shift from the resistive vector. 
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Figure 4 

Resistance (R) and the net sum of all inductive reactance and 
~apacitive reactance (XL - XC or XC - X I )  form two sides of 
a triangle. The third side of the triangle, the hypotenuse, is 
impedance and is represented by 2. This is shown in Figure 5. 

Figure 5 

I 

Udng the Pythagorean Theorem, impedance can be calculated 
as follows 

Given the circuit containing 10 ohms of resistance, 8 ohms of 
inductive reactance and 4 ohms of capacitive reactance, the 
impedance can now bc calculated as follows. 

= 10.8 ohms 

O Professional Training Systems, Inc 2007 



w i v e  Power 
The triangle in Figure 5 can be changed into what is called the 
Power Triangle. When current flows through the resistive 
component, power in the form of watts is the result. When 
current flows through the reactive component, power in the 
form of voIt-amps reactive (VARs) is the result. The Mtal - - 

- -- - - - - .. - - current flowing through the resistive and reactive components - -. -- - 

Sil ,++ +through the-impedance)-results-in-.volt-amps,-These quantiti - - 
,r-.;*w-= - . ---i - *-- . -"." - - 

- - - - . -. - - . - . . - -  . are shown in FigGe 67 - " .  - . . - - - 

Volt- Amps 
. - Volt-Amps Reactive 

(VARs) 

.. . . .. .. :..A .- .. .:,j...:.z-, , : , . ; . ... . ... . .... , . . . .  Watts . .  - . .. - . . "  . .  

Figure 6 

Power factor is equal to the resistive power (watts) divided by 
the total power (volt-amps). (Equation 5.) 

1 ~ : q ~ ~ ~ @ # ~ l ~ i i s Q  rarurwh#d inn . ~ 4 $ ~ & 1 M m ~ ~ ~ ~ j l a @ y  ., . ,, 

!. , r :y& ;;,i 
Power, Factor,.r.i = -klhfh- . . -+ .. ,*s .., , :.: ,, . $a&*&;; :w,-: ;::@,!v;,: ,w:j, j 
, , : :.*:::; VaA~ps ,+dr 1. I j .:4 ? .. 1;- ~j,:j~~...;l:lli:,./: 

1 4  . . , ,. .. . . ..,:: ..* 

When watts CW) and volt-amps reactive (VARs) are known, 
volt-amps (VA) can be calculated rising the Pythagorean 
Theorem. 

V A ~  = w2 + V A R ~  

The power-factor equarion can then be written as 

( 7 )  Power Factor = 
, .  .. . ,:. , . , -.- 

.'? . i:., .. . 2 '  
.L ., - ..: ,. . - *,;>,*: .: *... .:: . - ,%. I / w z  + V A R ~  

~ - i_ .., , :' 
,.i. . 

~ . 5  + .. ..,. '. , .r. . . . . . - .. 
-. 5 .:.- -:.. - .,;- . ' ..,. .' :;; .,,,., . . ". C..,<. . . ..*. 4 .- ::. ' - , .  I .  i ,-> .: * : . .  . . L  

- *  - . . :e  .. .:- 
, . ... ,, - ,. . ,  

_ .. ... -..  - . ., . , , . 
- .-. - . " " - .  
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POWER FACTOR CORRECTION 
A power factor other than unity or 10096, results in extra 
costs for the utility. As a power factor moves away form 
unity, in either a leading or lagging direction, the utility 
must provide more power; equipment must have a higher 

* -. -- - - . 
. - power rating, while handling the same amount of work- - - --- - - - - - 

- - * - - - - - - - - - - - - - - -- 
to recoup these additional costs, a utility usually charges 
a customer an extra charge, called a power factor charge, 
a reactive charge or a kVAr charge. The most common 
method is to implement a charge if the average power 
factor drops below a certain level. The most common of - . 
the minimum allowable power factor levels are in the 
range of 90% to 97%. Some utilities, however, set a 
power factor level as low as 8096, while other utilitiesdLL "?-. , 

set a power factor level as high as 98%. 

Since most of a utility's larger customers have large 
loads with lagging (inductive) characteristics, the extra 
charge is usually incurred unless corrective action is 
taken. Because capacitance in a system cancels 
inductance, capacitors can be added to an electrical 

r in order to move the 

9. . , . q,:::? .., ...a.Ld.;., %, Y:. : ,. . - used , to,; pr~v~ide.; the desired , l y ~ l  LO~~~O$:~,&,~&L ' 
a, .?, , :, . . ., 

p.:, ,, J , ,  :i~$:;!:;$~i>$;,;,~~;,.\,, , ,  ."% ., 6 ,l.l.$ 11 ,!t8 ; - . ", -":. .. ::;+.i; 
1 :  correctioA.'~he f ih togr~~h 'be low shows such a group , . . 

capacitors. This capacitor bank is similar to those found 
in many larger substations. 

4 . . -  .-- - - - -. . . ,? -,- +4,as.!; . Courtesy: ~ e s t i n ~ h o u ~ ~ l e c t r i c , ~ o r p .  =. 
POWER FACTOR CORRECTION CAPACITOR BANK-. 
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SHUNT REACTORS 
Air, an insulator, separates the phases of a transmission 
line. A capacitor is two conductors separated by a 
dielectric (an insulator). A transmission can therefore 
look like a three-phase capacitor with the air between the 
conductors being the insulator. 

- When a transmission line is heavily loaded, the normal - . . 

inductive load counteracts the capacitive effects of the 
transmission line. Under lightly conditions, however, 
there is not enough inductive load to cancel the line 
capacitance. When this happens, the transmission line 
becomes a giant three-phase capacitor. 

Under these lightly loaded conditions, large coils of 
wires called shunt reactors are connected to the 
transmission. These shunt reactors provide inductive 
load to offset the line capacitance. This also provides 
voltage control by reducing the high voltage that can 
occur because of the phase-to-ground voltage being 
increased by the capacitance. 

The photograph below in Figure 1 shows two of three 
single-phase shunt reactors. Each reactor's coil is 
enclosed in an oil-filled tank similar to large 
transformers. Figure 2 on the next page shows three air- 

$ , # ,, 6 i 7 t , ,  1 1  ! i ' t a , ,  b f i l f l  
cooled shunt reactors. 

Courtesy: Bonneville Power Administration 
OIL COOLED SHUNT REACTORS 

Figure 1 
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VOLTAGE TRANSFORMER 

* Specified by: Voltages, powcr rating in volt-amps, * * type of cooling * 
- . -  - - -  * Abbreviation: XFMR - - - - * 

A voltage transformer is a piece of equipment used to change 
. ,  AC voltage levels, such as from 12,470 volts to 120/240 

volts. Most transformers are voltage transformers; any 
transformer not specifically identified as a current transformer 
will be a voltage transformer. Voluge transformers consist of 
two conductors wrapped around an iron core (Figure 1). The 
ratio of [he number of turns of h e  two conductors is called the 
turns ralio. For instance, if one winding has 100 turns of 
conductor and the second winding has 1000 turns, the turns 
ratio is 10 to 1. The voltage ratio is the same as the turns 
ratio. In this example a vofk e of 1 Oa 

&ff~v~kll(~.3 ~~mir~-r~llme~&wt,~ r&&4d 
., . 

, . 25 kv produced by an 
. . electrical utility generator to a transmission voImge level that 

. . . . , -. . . . . - . . . . . . . . . . . . . . . . . - . -. , . .. . . , 
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is normally between 115 kv and 765 kv. Distribution transformcrs 
are smaller-in-size voltage transformers used to reducc voltagcs 
down to a lcvcl hat can be used by the customers of an electrical 
u~ility. These include  he pole-mounted transformers found in older 
clcclrical areas, and thc pad-mount transformers found in ncwcr 
electrical systcms. 

Polenlial transformers are voltagc transFormers used to measurc 
- . 4 'I_ _,Us . .&  * . . 6 .  

d , voltages for mctcring and protective circuitry. These ~ansformcrs 
can dccrcase a uansmissio~i voltage of 500 kv down to a level of 
120 volts. Control power transformcrs are the srnallcst of the 
voltage transformcrs. Thcy are used to decrme a voltage down to a 
lcvcl that can be easily and safely used for conlrol circuitry; 
examples are changing from 480 volts lo a contToI voltage of 120 
volts, or changing from 120 volts to a control \rollage of 24 volts. 

l h c  powcr into a voltage transformcr is equal to the power out of 
the transformer. In equation form for a three-phac transformcr, h i s  
is cxpresscd as 

Power;, = Powerout 

If a transforrncr has a 13,800 volls and 10,000 amps coming in, 
and 138,000 volts out, the output currcnt would bc 1,000 amps. IE 
pourer rating would be 239,023,010 volt-amps or 239 MVA. 

A single-phase transformer has one low-voltage winding and one 
high-voltage winding on an iron core. A three-phasc transformer 
has thrcc iron cores with a low-voltage winding and a high-voltage 
winding on each core. Figure 3a below shows a drawing of a thrce- 
phase tansformer. 

THREE-PHASE TRANSFORMER WINDINGS 

Figure 3a 
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THREE-PI-IASE TRANSFORhlER WINDINGS " 

Figure 3b 



The amount of power that a transfomier can handle is limited 
by the internal temperature of the transformer. Transformer 
specifications include the type of cooling. The current flowing 
Lhrough the windings creates heat. The windings are immersed 
in various fluids to transfer heat away from the windings. 
These fluids include air, freon, oil and, in the past. 
polychlorinated biphenyls (PCBs). Larger air-cooIcd 

- - 
-:- transformers (also called dry-type) are normally enclosed in a*: T? I"- "" 

vented sheet-mclal cabinet. The other types of txansforrncrs are 
enclosed in a completely sealed taok 

Radiators are used on virtually all larger transformers (See 
Figure 4). Thc radiators increase the tank surface area that is 
exposed to the air, thereby providing better cooling. For an 
oil-filled transformer (the most common type for transformers 
larger than 10 KVA), the oil-to-air heat transfer is identified by 
OA for Oil-to-Air. 

Oil pumps can be installed on oil-filled transformers to 
increase the flow of oii around and through the windings. This 
also increases the cooling rate. This is identified by FO for 
Forced Oil. 

Fans can be installed on any type of transformer to increase the 
cooling rate. On oil-filled transformers the fans are attached to 
the radiators to help keep the oil cool by cooling the surface of 
the ,radiators (See Figure 4). This is identified by FA f~r5g,lillFd4,11Had~j##~~di~lflflbilli,- 

l ! ~ ~ i l ~ ~  $ j t l ? l t  $t?!Avf{+$ Fi~l i i  i ~ ~ ~ ~ [ f ~ ~ $ ~ ~ ~ & ~ ~ { l ~  ForcdAk.s f .  qt , !  ! ' # * >  * 
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BUSHINGS 

Thc leads from the transformer windings, to which the external 
connections are made, are somewhat flexible. If these leads 
were brought through holes drilled in the steel tank in order to 
m,&e Lhe external connections, this flexibility would allow the 
wind, vibration and other forces to continually move the leads. 
This continual movement would eventually lcad to  he hilurc. 

- - 

. .  -r .I-- T - - J -  - . -- 

- . - -  -- - _ A bushing is a rigid conductor that is placed between the - - 
transformer-winding leads and thc external conductor. A 
bushing usually consists of a solid copper rod surrounded by 
porcelain. The porcelain provides the insulation. Most 
bushings are filled with oil or sulphur hexaouride (SFg) gas. 

- On oil-filled or SFg-filled bushings, the coppcr rod is sur- 
rounded by oil or SF6 gas which provides additional 
insulation. The copper rod, and oil or SF6 gas, are inside thc 
porcelain. _ -, .- *. 

Internal connections are made at the bushing ends that arc 
inside the transformer tank. External connections are made at 
the bushing ends that are outside the transformer tank. The 
distance between the external connection point and the 
transformer tank has to be great enough to prevent the voltzge 
from pushing the current across the bushing's surface to the 
tank. The distance the bushing protrudcs from thc tank 

ding bushing height. 
~. ~ 

-Top porcelain 

.. - . -  ----..-.- - .  --..-.-. VOLTAGE .BUSHIN(; 
Fio~rrc 1 
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Figure 2., below, is a photograph of three single- 
phase transformers. By comparing the height of the 
man in the photo to the heights of the bushings, 
both the high-side and low-side voltages of the 
transformers can be estimated. 

- . .  - A  ... .+. A ,On some transformers, the windings leave the tank- - - - - A -  -- - 

from the side, rather than from the top, such as 
those shown in Figure 3 on the next page. On these 
designs, the bushings are called side-wall bushings 
because they are installed on the side wall of the 
transformer. 

THREE SINGLE-PHASE TRANSFORMERS 
Figure 2 



Courtesy: Portland General Electric Co. 

DISTFUBUTION TRANSFORMER WITH SIDE WALL BUSHINGS 



Courtesy: Bonneville Power Administration 
w -? :??*-.&. ' - .&j 

BUSHING BEFORE INSTALLTION 
:I . , 

T0-P 

Figure 4 
, . . . ., . '. 9. . . . . :'.,. < ., . .  

,;:&, : . ,": .. 
T - . -  + .,, . 

.- 
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POTENTIAL TRANSFORMERS 

Voltage transformers consist of power transformers, 
distribution transformers and potential uansfonners. Power 
transformers are h e  largest and are found at generating pIants 

- and large substations, Distribution transfom~ers include the ---- - - - 
- mle-mounlcd and  ad-mount transformers that su~alv  ~ o w e r  - - - -. . - 

& .. 
+ :  - , , , . ,. -.,,- .,-, - t~residentid:an&~commercial- _-t-,-. - _ ;" custorners~Th&irp- . - ~ - ~ -  -- + 

- -. category o f '~01 t5~ ians fo~e iS~a re~~o te"n ' t i a l  transfo 
Potential transformers are used to measure voltage. For 
example, a potential transformer would be used to the 
vollage on a 12,470 volt distribution h e  down to 124.7 volts 
so that it can be metered. The lower voltage is also used for 
protective relaying such as overvollage and unde~oltage 
relaying. Potential transformers also provide a voItage that can 
be fed into the system control center's Supervisory Control and 
Data Acquisition (SCADA) system or Energy Management 
System (EMS), - - . .  

Most potential transformer are connected phase-to-neutral. 
Only a few are connected phase to phase. Figure 1 includes a 
drawing of a polential uansforrner and a chart showing the 
bushing height. Figure 2.3 and 4 are photographs of phase-to- 
neutral potential transformers. Figure 5 is a photograph of a 
phase-to-phase potential transformer. 

. - - - *-. 
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Courtesy: Skip Collier 
PHASE TO NEUTRAL POTENTIAL TRANSFORMERS 

f * b +  ~ f i ; ' { ~ ~ q ~ k $ ~ # f $ ~ b r & ~ ~ t f . l j  ti i ~ i ~ , k , ~ i  $!$l$hz:'p' '" :s{ ? .. c tii@#~~l~%llt{{ji #dl)Jd#'J(i @dl 64 ? f f &  ,.3 .: 
Figure 2 

Courtesy: Skip Collier 

PHASE TO NEUTRAL POTENTIAL TRANSFORMERS 

Figure 3 
-- 





CURRENT TRANSFORMERS 

* Specified by: Insulation voltage rating, primary * 
* and secondary c m n t  ratings * 

- - &  -A - *- . - " Abbreviation: CT * - - - .-----=.. +-4 -*4--. *<*s-* 

-, 
4 . - .- ' . .. %db "* w 

* Function: Measuring current * 
* * 
* Symbol: * 
* * 
* * 

Current transfomcrs are used to measure the current flowing in 
a conductor. They do this by measuring the electromagnelic 
field surrounding a conductor. The electromagnetic field 
produces a lower current in the current transformer that is 
proportional to the current k ing  measured. In commercial, 
industrial and utility electrical systems, the current flowing in 
the current transformer (the secondary current) usually has a 
maximum rating of 5 amps. The primary rating of a current 
transformer is usually the maximum current rating of the . 
conductor being measured. If, for example,'a 2000:.&mp'".*'3i*hi%f:i~*#/@I*@f@a2qf -*"*.' 

conductor is being measured, a 2000:5 current transformer 

, , 
i j  !:+- (hlli:iiii$f$$&;;[$$&;,L ypyld be used. Conductors rated 600, 800, 1200 and 30 

i ampi would be measured with cwent transformers rated 600: 
806:5, 1200:5 and 30005 respectively. 

The conductor carrying the current that is being measured 
passes through the center of the current transformer. This is 
illustrated in Figure 1. 

Secondary Terminals 

WINDOW-TYPE- CURRENT TRANSFORMER 

Figure 1 

The two main types of current transformers are the window (or 
doughnut) type shown in Figures 1 ,2  and 3, and the bar type 
shown in Figure 4. 
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Courtesy: Square D Company 

MULTI-RATIO WIND0 W-TYPE 
CURRENT TRANSFORMER 

Figure 2 

The current transformer in Figure 2 is a multi-ratio - 

current transformer.. Five, ta s it secondary . ? .  - ;a,,, j ~ , + ~ g ~ ~ ~ ~ g j ~ ~ ~ j l ~ t r ~ . + , t r t r y  4 f ~ r h t .  +--tzu r t  r . ,  P R  .4:ri P H ~ *  rp nld ~~Cuj#~ljEd~((##l~fi 
windings allow tee !ramformer to be used or we 

I ,  

, t ,  ." I abXf&. 6 . . .~&a2d~ k 14; *J/+ d . , :++different * current; ranges., t Its lpri 
, I  . i: ye &J r a :l&+pg r,cii;+& .a% , # .  .4$ 

*#p{l 4 . : 1  @ - *#tb~&~# ' ; % i ~ $ ) $ 3 ' e h ~ ~ ~ ~ ~ ~ ~  and' lnstrumen . echnl ill:t -+ L t  

measure currents in different systems. 

slipped over a conductor, - -  - and closed. 
- ?  . - - . -  - 



Courtesy: Square D Company 

BAR TYPE CURRENT TRANSFORMER 
Figure 4 

Figure 4 shows a bar-type current transformer. In a 
bar-type current transformer, a short length of bus 
bar is permanently mounted inside the current 
transformer's winding. This bus carries the current . + t . - qil(tilrt?n 

I * .  
that is being measured. To install 

I 3 , transformer, the'conduktor h i s t  
the cut conductor is connected to 
bar, and the other end of the cut conductor is 
connected to the other end of the bus bar. This 
results in the current that is being measured flowing 
through the bus bar. 

Note: currknt transformers should never have 
the secondary terminals disconnected when the 
current being measured is flowing. A 
dangerously high voltage will instantaneously 
appear the moment the secondary is 
disconnected. If a current transformer is 
installed and not being used, a jumper must be 
installed between the secondary terminals. 

The Tennessee Valley Authority's Research and 
Development Division helped develop a magneto- 
optic current transducer that can be used in place a 
current transformer. This device relies on the 
Faraday affect discovered by Michael Faraday in 
1845. 

When a block of glass is placed in a strong 
magnetic field, it becomes optically active. When 
polarized light passes through the glass in a 
direction parallel to the applied magnetic field, the 
plane of the light is rotated. The amount of rotation 
is proportional to the strength of the magnetic field. 



By measuring the rotation, the strength of the 
magnetic field can then be used to determine the 
amount of current that is producing the magnetic 
field. Figure 5 illustrates the key components for 

-- measuring the rotation of the polarized light in a - - 
- - magneto-optic current transducer. - - - - - - - 

Courtesy: Tennessee Valley Authority 

MAGNETO-OPTIC CURRENT TRANSDUCER 

Figure 5 
...~ . , 5,: . ... <?.G ?; ,a>. < ,- :<;. ~.., . 
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Figure 6 shows a 1 15 K V  current tr&formi<.:lt iS , i ~  . . ,i..:,:;-.*,:;...:'.. .. , ,,~-: .- 
li . / .  ' . . ' 

, . , : .  ...~ - . . ..- I.. . , : j?':  ;-<.%% ,&::.?;,;:... , :, ,:: : ., 
3, 

" ... - :  bar-type, current t r a n s f o r d  in an oil-filled tank:L: . ; . ,-, ,- ~, , %.. + :, t,.-:.,, , .:...... . . . .. . - ,. 
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Courtesy: Skip Collier 
115 KV CURRENT TRANSFORMER 

Figure 6 
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CIRCUIT BREAKERS 

* Specified by: Voltage, full-load current, interrupt- * 
. . . . . .  . . . . . . .  . . . . . . .  . . . . ... * . . . . . . . . . . . . . . . . . . . . . . .  *. . - 

- ...- -~ -~.. - .  . .  ing current,-and the. medium. . . . - .  . - .  -.... . . . . . . . . . - . . . . . . . . . . .  . . . .  . . . . . . . . . .  

2 -... .- -.... .A 
. . . . .  

. . . . . . . . . . . . . .  .......................... , . . . . - . .  ..* ... Abbreviation: CB,OCB, ACB, VCB, PCB, GCB . - * . . . ~ - .  - .  .. 

* Function: To intenupt the flow of current * 
* 

n * Symbol: ---a * *" 
................................. 

Circuit breakers are used to disconnect a part of an elccirical 
system when a problem occurs. These proble~ns can includc 
excessive currcnt, high voltage, low voltage, low frequency, 
,my many other less-common occurrcnces. 

Under normal operation, currcnt flows from the sourcc, 
through the circuit breaker, to the load. When a circuil breaker 
opens to disconnect a part of the system that is experiencing a 

.ilt7qi-k-,?~ 2 - -4 C -  . problem. the flqw, of ,c$!en! ;$&fg,kP-@ s t  

breaker. 

' I  *. -' ' and close to allow current to flow. In Figure 1, a set of 
- contacts is shown in the closed position, and then in Ihe open 

position. 

Open Closed 

CIRCUIT BREAKER CONTACTS 
" - 
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OIL CIRCUIT BREAKER 

Figure 2 

Courtesy: Skip Collier 
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Courtesy: ABB 
SUBTRANSMISSION OIL CIRCUIT BREAKER 

(3 PHASES IN ONE TANK) 
Figure 4 
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In an air circuit breaker, the contacts open in air (see 
Figure 6). Air circuit breakers are the most common type 
of circuit breakers and are used primarily for low voltage 
(rated 600 volts or less). 

AIR CIRCUIT BREAKER CONTACTS 

Figure 6 

. , 

8 '  ' 
, 

Vacuum circuit breaker contacts open in?: 
vacuum chamber (Figure 7 ) . " ~  vacuum is an 
insulator. This allows the contacts to sepatate a 
relatively short distance, but yet still interrupt the flow of 
current. 

I n s u l a t i n g  g l a s s  e n v e l o p e  
\ -. 

I VACUUM CIRCUIT BREAKER CONTACTS 
C .+ 4 - * -  2, . 
(r Figure 7 

* v  Tf*, " % ,  Lr25t.;2& 4 ,  

* I" * 
Air-blast circuit breakers use a stream of high-pressure 
air blowing between the contacts, as they open, to 
extinguish the arc. Figure 8 and Figure 9 are 
photographs of air-blast circuit breakers. 
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SF6 CIRCUIT BREAKERS 

SF6-insulated circuit breakers and SF6 high-voltage 
switches are the latcst development in modem protective 

- -  - - .  - - switchgear. SF6, sulphur hexaflouride, js.-an. inert gas - -. -., - . - 
- . - -. . - - - - . - - possessing greater dielectric (insulating)-strength than-- .- _ -  .- - .  

SF6 circuit breakers have replaced oil circuit breakers, in 
new construction, for transmission and subtransmission 
applications, and compete with vacuum circuit breakers -- .--. - -- 
for distribution applications. They offer very 'low 
maintenance relative to that required for oil circuit 
breakers. 

- - , .  ' - J  - .-r , - - .a, . -  A 

SF6 equipment is particularly applicable for interrupting 
leading current, such as that occurring from lightly 
loaded transmission lines and from capacitor banks. This 
is because the high dielectric strength of SF6 assures 
restrike-free operation. 

blown between the circuit-breaker contack as they Gpen." ' 
a ' 

This stream of higher pressure gas helps extinguish the 
arc. 

Figure 10 is a photograph of a 3-phase SF6 circuit 
breaker using a two-pressure system. (It is a modifi- 
cation of the air-blast circuit breakers shown in Figures 8 
and 9.) Each phase has three heads in series, each 
containing contacts. A high-pressure SF6 system blows 
gas between the contacts as they pull open. Figures 11, 
12, and 13 show variations of the two-pressure design. 

In a single-pressure SF6 circuit breaker, the contacts pull .I'::' ' 'i', 

. . . . . .  , 

. . . . . . .  

. . > .  , . . .  ' .  . . 
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Figure 10 

' , -  . .> 





Courtesy: The B~nncvi l l c  Pontcr ~dhinistration 

CUT-AWAY VIEW OF AN SF6 CIRCUIT BREAKERS 



- . ,  . . , =  . ,. .. ,.-. . . ... , , ,,, ,:? I - * . _  ~ -------- -~ - -  -- 

.;<. . ;:; :')-:-#+- ::- ., ,*- .' ", ..- -?:, ,'-' '":r~~~.c-.zi;,~:i'i'i';;"~*it'*;&t;e .:. *-: ,.-u . :.' . .. ". . .. . ,. , .,-! ::;.' . . ,- . - . T4.,* b~s:.v,.s * , .... ;.. SF; CIRCUIT B R E A K E R ~ ~ ~ ~ i ! ~ . .  . .. ~ - ~;~:':~,~$~.~-y~-,~~: ,-.:;:: - @>!: \ :- 
: ,  ! .- . ' : .. 

. . ., . ' , L .; , , ,  . : :  I , .. . . ' ,  : . , . . : .:.. ,, , ., . ,  . . , . . . .  . , . .  _ , I .  , . 3, .  

* . .  , ,. 3 - ,  , / ,  . . . . . . , . : , " ,  

Figure 13 



SF6 CIRCUIT BREAKER 

Figure 14 
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CIRCUIT BREAKER CONTROLS 

All circuit breakers have two basic operations. One is the 
closing operation. The other is the opening operation. On 

. . . . . . . . . . . . . . . . . . . . . . . . . .  
larger circuit breakers, both operations normally can bc 

. . . . . . -  . - . .  performed electrically, using a switch or push-button, and -....... . - . .  
mcchmically, using a lever (or push-rod) assembly mounted in ........ 

- ......." 

; V ~ e f ~ r i ~ o ~ . ~ ~ B ~ ~  >&. - a - -- * ,  
,- . .* . .*.... - .- . 

. .. -. -......-. . . . . . - . . . . . . . . . . .  . . .  . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
In addition to the cleclrical and mechanical operations initiated 
by a person, circuit breakers also have one or more automatic 
circuits that open the brcakcr whcn a problem occurs. There are 
two basic automatic methods used. One method uses a series 

- - - - . - - - - --* . . "- trip device. In a series trip device, the currcnt flowing through . - 
the circuit breaker flows through the series trip device. When 
the currcnt incrcascs because of a problem, this increased 

- " - .- -.- -."- *. 
current also passes through the series trip device. On magnetic- - ,, - 
type series trip devices, the incrcased current causes increased ' 

. 

magnetic forces, and these magnetic forces actuate the breaker's 
opening mechanism. On thermal-type series trip devices, the 
increased current causes an increased temperature, and this 
tempcrature is used to actuate the breaker's opcning 
mechanism. Bccause a series trip device must be able to 
continually carry a breaker's full-load current, series trip 
devices are normallv found onlv on smaller breakers. It is rare 
to find series trip devices on ;nythiilg but low voltage (600 

l ~ @ l @ ~ + ~ l f i i & & ~ ~ ~ ~  #MiRiirci~rnl i I 

- 

1 I 
DEVICES 

ARMATURE 

LOAD 
TRIP LEVER 

SERIES TRIP SHUNT TRIP DEVICE 
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TYPICAI, SHUNT TRIP CIRCUIT 

Figure 3 

In addition to the mpping operation, circuit breakers must also 
'f".iqrl St,, have a closing omration. The closing of a circuit breaker is :I kr!iff4r;i.rr4ii+:+ t:C?!d#lk'.ftdr~! t 

normally doneVusing compressed springs, using pressurized air 
111,,4 ~jt&wk!f  % " + S  &.tL * a h '  1 , , % g  ,$&, +-B# I/ 41 d g ~ J p f d + ~  l+ I v!.p3t 4 , ~  T - 1 '.;A;.?. (a pneumatic system), or using hydraulic oil pressure : (a"-: : _ c k - . . ~ ~ ~ r ~ ~ ~ & ~ ~ # ~ @ ~ ~ ~ ~ 4 ~ ~  
<,"*. I '  @~g&\$4#~~~/?!+:i~& 

tJ I ; ' hydraulic system). An eIectrica1 closing operation uses another * 4 ~ l ~ ;  %$i. :.*ri . ,,s,bj, % , .I . . , ,  . i 

solenoid to release the compressed springs, to release the 
compressed air, or to release hydraulic oil. The force of the 
spring, air or oil is used to closc thc breaker. Figure 4 shows a 
typical electric circuit for closing a circuit breaker. 

CONTROL PERMISSIVE 
VOLTAGE CONTACTS 

I 

TYPICAI, CLOSING CIRCUIT 

Figure 4 

the components of a system using springs to 
reaker. Fieure 6 shows the commnents of a 

aulic closing system. - 

0 Professional Training Systems, Inc 2007 





Courtesy: Skip Collier 
PNEUMATIC SYSTEM FOR CLOSING CIRCUIT BREAKER 

Figure 6 





Courtesy: Skip Collier 

HYDRAULIC SYSTEM FOR CLOSING CIRCUIT BREAKER 

Figure 8 

++++++++++++++++++ 



RECLOSERS 
Reclosers are circuit breakers with an automatic reclose 
feature. They are used to minimize outage time when 
tenlporary problems occur. These temporary problems 
include those caused by trees, animals, lightning, wind,. - - -.- - - 

--- - - --- - . - -  ice and snow. - --- - 

- - - .. ---- - - - ---- . - - - --- -. - - -  
- certain-time interval.- Figure 1 shows a sample time---- -----A - 

sequence for a recloser. 

Firs1 Reclose Second Reclose Thlrd Reclose Fourlh Reclose 

Instantaneous 5 Seconds 10 Seconds 

. - ,.. -. &r - 

RECLOSE TIMES FOR A RECLOSER 

Figure 1 

Most feeder circuit brepkers in distribution substations 
have been modified to make them into reclosers . This is 
done by adding a reclose relay. 

ese-pole-mounted reclosers can also be set ,, ,. , 
i h i  :,*! *lL:petween ~&!~ie'operalio$$;"i ~ i p - % ' + ? ' f ; .  Y 

11 *,-. 8 ,.+#>>!7,,{y . . & W ? ,  ' ,  f! i:t, : 
ingle-phase reclosers. :$ 

?:% ;ii 1 ,' d : . .*: P6 , - 66 -. 9 7 I + 4 

The reclosers in Figure 2 are oil filled and are called oil - 

circuit reclosers or OCRs. Reclosers also use a vacuum 
and SF6 gas in which the arc is interrupted. 

Reclosers, like circuit breakers, must be able to intermpt 
the maxiinurn possible fault current. Vacuum and SF6 
gas provide higher fault-current interrupting ratings. 

Faults and Fault Current 
A fault is an event in which a problem occurs resulting 
in current returning to its source through an un-intended 
path. The current that flows during a fault is called fault 
current. The un-illtended ~ a t h  in which the current is 
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FUSES 

* Function: InLcrruption of the flow of current * 
- - . - - . - . *- Specified by:- Maximum continuous-current rating - * -- - - -- -. 

- - -. - -  -- - -. . - --- - - --"* ----- --. . - ----- - -- "- - - - .. - -  . - - -  - 
Time it takes to interrupt the current * * * 

* * 
--*- .. . *. Symbols:-. * * * 

* * 

Fuses are used to.protect an electrical system from excessive 
current. A thin piece of conductor runs from the center of one 
metal end of the fuse to the center of the other end. (See Figure 
1) 

CUT-AWAY VIEW OF A FUSE 

Figure 1 

At any current level above the rated current of the fuse, the 
thin piece of conductor will melt, thus breaking the circuit. 
For example, a 15-amp fuse will rneIt open at current levels 
above 15 amps. 

_. _ .  . Figure 2 shows a transformer with three fuses on the incoming .., :.. -. 
. -  . - . . . ' side. If the transformer experiences an internal failure, the fuse - . .. 

J?==!-l.. . -, '.-,.--.--,--.--..--...--"----." ....-.-..#,. -,.--.----.-.-... .. . ,  - ,.. , .... . . ~,~., -. .. ., .. ,,,,, .-,.. . -. ... ..... " , . - .,, ... , ., -, - 
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Courtesy: Skip Collier 

TRANSFORMER WITH HIGH SIDE FUSES 

Figure 2 

Figure 3 shows a pole-mounted transformer with a 
lightning arrestor and fuse; the fuse is just above the 
transformer. This type of fuse is called a cut-out; it 
is designed to fall open when the fuse link melts 
open. The lightning arrestor is to the left of the 
cutout next to the pole. 



OLE MOWTED TRANSFOPMER WIT 
IGHTNING ARRESTOR;'AND CUTOUT - - 

, - . - -. -- - -  - -  . -- - -- . Figure 3 
~ 1 2 8 - 3  +++4<i++++++ii+G& '- 





CONTROL RELAYS 

................................ 
* Specified by: Type, coil voltage, number and * 
* type of contacts. and current * 

-, - -  e -- --.- -. . ----------.----, - .---- --- ..-- .--- .--- - . . . . -. - - .-- -. ------- -- ----.-- - >- -- - * --- -- -- -..--__--.------ratinn of contacts--- ---- *._I--.- .- . _ -. - 

.:i i. -.T ;̂+ - .." --.r*-&s.--h. ,. -=*.. .:-- P"*. . 2 .&~&&L*-<A- - .. - b  - 
~ l G t r & m e c h a ~ i h l  conirol relayi iiiGEonskiictidLGith an 
operating coil, armature and contacts. When the coil is 

- 
energized it becomes a magnet and pulls the m a t u r e  to, or 
into, the coil. Normally open contacts close, and normally 
closed contacts open. (Contacts are identified with the coil d e  
energized.) The two most common electro-mechanical relays 
are the hinged-armature type shown in Figure 1, and the 
plunger type shown in Figure 2. 

HINGED ARMATURE RELAY WITH FIVE 
NORMALLY OPEN CONTACTS 

Figure I 

~ 1 3 1 - 1  ---- ----------.-- ---- ---..-..-.-..- .-----. - -  - - - -,- - . . ...-+ . - -  n-..,-..---. 
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Figure 3 shows a circuit with five pushbuttons (PB A through 
PB E). Pushbutton E, when closed, energizes the circuit 
breaker trip coil (TC). This causes the circuit breaker to open. 
Closing pushbutton D causes a local light to come on, 
pushbutton C causes a remote light to come on, pushbutton B 
causes a local horn to sound, and pushbutton A causes a 
remote horn to sound. 

CIRCUIT USING FIVE PUSHBUTTONS FOR 
CIRCUIT BREAKER OPENING AND ALARMS 

,  art^;;:{, y $ . ,  ,i q t  @ . - . , I  , Figure 3 

:,. ' . : .,, , "  . , . . 
,:< I-,, ! , ' ~ ' ;  . . * . .> &,,&i, jLJL, ; ( . I , ,  _., ... ; . . ;$;:.', , ' ' , ". ,,. , '"" ;. ,!j !,, .&;., ; . . . - ,  . . -. .., . , . , c j .,. .. 7 : 2 .,; ;T$f;.jr!dh.&b a:<, ,.,' , ;, 2 y;:. v, : 

, ( I  , a ' .. . . I F !Ira t ,,+;!.. ,., ; !$e{:J'.'P *. ! : 
In Figure 4. the ~ushbitton circuit has been re~laced wlth . 

relaycircuit.  hirel la^ has a coil "R" and five t;orma1ly open , , 

contacts "A through E". The relay can be either the hinged- 
armature relay shown in Figure 1 or the plunger-type relay 
shown in Figure 2. When pushbutton PB is pressed, the 24- 
volt "R" coil is energized and contacts "A through E" close. 
The circuit breaker trips, the two lights come on, and the two 
horns sound. 

24 VDC 7+@ 

CIRCUIT USING ONE PUSHBUTTON AND 
RELAY FOR CIRCUIT BREAKER OPENING 

AND ALARMS 

Figure 4 
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PROTECTIVE RELAYS 

Protcclivc rclays are designed to operate when a specific 
undesirable event occurs. When the event occurs, thc protwtive 

- ~ 

. ..-. rclays scnscs. thc  event, and. then.~,causcs..some~typc. of .~-.. .. -. . ,-.... --. ....., ..~. . - .. . 
corrcc* or protective action. .ne.name of a protwtive relay__-. .. -..--.. ~ - .. - .- ~, . .. . ~ . 

- --- - A - -  - - -  turbine-generator. An o%rvoltage relay prbtccts against high. -- --- -- ---'- - - - - 

voltage. 

The most common protective relay is the overcurrent relay. 
This relay protects against heating damage caused by excessive 

, . . . . . . . . .  . . . . ... current. This protection is by. opening ". - 0.. .-.-.--. . " " ,  .. .. , 

a circuit breaker that de-energizes the overheated equipment. 
The relay shown in Figure 1 is an induction-disk type. It 
provides time-overcurrent protection which-means that high ._,. :=, . .;;. .;-:--.; . , . -. . . .. 
levels of excessive current cause the relay to operate quickly, . . .. , . 

and Iow levels of overcurrent current cause the relay to operate 
more slowly. 

Fixed Contact "Y"\ , Moving Contact "X" 

INDUCTION DISK RELAY 

Figure 1 
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/ 
Primary Conductor 

OVERCURRENT PROTECTION CIRCUIT 

Figure 2 

Fixed Contacts 
Fixed . , { " f :  ; f$t((!hj,i$ii,it".IafiF-a ' 

Contacts 

I Hinged Armature Relay Plunger-Type Relay 

RELAYS USED IN CONJUNCTION WITH 
INDUCTION DISK RELAYS 

I Figure 3 

Figure 4 is a photograph of a state-of-the-art transmission line 
I 

rcIay. It provides complete transmission line protection. When d A 

, I > *  * 
- 

', . a fault occurs, the relay causes a circuit breaker to open. It can - -  rl 

ncrate an dcvcn-cycle event report foIIowing 
en? disturbance consisting of four cycles of prefault 

3ycIes of postfault data. Included in the data ar 
,current, fault location, date and time. 

. - 
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Modern solid state distribution relays, such as ihc one in 
Figure 5, can providc mul~iple functions in a single relay. 
Some of these multiplc functions arc 

Three-phase ovcrcurrent protcclion (time 8 instantaneous) 
Ground-fault prowtion 
Multi-shot reclosing 

, -  . . . / .--. . - a Underfrequency load shedding and restoration ----L----- - --.- - --- --.- ---..--.--*---I-- - ... - "L. -"?."-._ Y_-J --_1 .- - . - .  
Undcrvoltagc protection 
Overvoltage protection 
Negative Scqucncc 
Distancc to the fault 
Metering of vollages 

watts 
VXS 
Lw h 
kvarh 
power factor 
kquency 
peak demand amps 
peak demand watts 
pcA dcmand vars 

Fault sulni~lary wilh rccords 
Accumillalion of brcakcr interrupting duly 
Operations records 
Counters for ovcrcurrcnt trips 

STATUS 

DPUSTATUS 

PICKUP 

RECLOSER DISABLED 

VIEW DISPLAY 

TARGETS 

(I A TIME 

9 B INSTANTANEOUS 
Q C mmm 

N NEGATIVESEQUENCE 

Target Reset 

Metering Scroll El El 
Peak Demand Reset . 

Courtesy: Asea Brown Boveri 

MULTIFUNCTION DISTRIBUTION PROTECTIVE RELAV 

Figure 5 - 7 .  - ++++++++++++++++ 
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BASIC OVERCURRENT PROTECTION 
Current levels slightly higher than h e  ratcd lcvel cause excessive 
heating which desuoys insulation; higher current levels destroy 
insulation much faster, melt metal and can cause fires. Bccausc of Lhe 

-. - . *-- -- - grcat amount of damage that can be done, and because above-system- -- - -- - 
rating levels of current are not-unusual, overcqn t  protection is the . _ .- - - -_ 

- 
*- 

-- --- ---  -- ---- ---- - criteria must be met. One is iprotectiie-scheme that rides through 
momentary overloads which return to normal current levels before 
any damage is done by the overheating. The sccond is a protective 
scheme that quickly detects high values of overcurrcnt, and quickly 

. . . . . . .  --.... sends a signal to circuit breaker to open. The circuit in Figure 1 
meets bolh of these criteria through its use of 50/51 rclays, 

BASIC OVERCURRENT PROTECTION CIRCUIT 
Figure 1 

The "50" portion of the relays provides instantaneous protection for 
very high Ievels of overcurrcnt. A hinged-armature relay is often used 
for this. The "51" portion of the relays provides time-overcurrent 
protection that allows for low-value momentary overloads without 
opening a circuit breaker. An induction disk relay is often used for 
this. This 51N device monitors current in the neutral circuit. The 
hinged-armature and induction-disk relays are shown in Figure 2. 
While many systems use the hinged-armature and induction disk 
relays for overcurrcnt protection, thcsc technologies are datcd. The 
more modem systems usc efcctronic rclays to accomplish the same 
function. Often they appear to be nothing more than boxcs with 

- ' ,  ,. 

E132-5 ++++++++++++++++ 
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BASIC OVERVOLTAGE AND 
UNDERVOLTAGE PROTECTION 

Low voltages on an electrical system causc motors to overheat and 
prematurely fail. High volrages can destroy electronic control, cornputcr 
and communication equipment; and if high enough, voltage can destroy 
the insulation in any type of equipment. To protect against these ------- > L-M--,A-k - 4 , s  .* --. - - situations, low-voltage and high-voltage protection c i r c u i t s - a r ~  ~ - z - - - - - a z + , z ~ , A ~  .. . * 
incorporated into many electrical systems. These circuits are called 
undervoltage protcction and overvoltage protection circuits. Figure 1 
shows the basic circuit for both undervoltage (27 relay dcvice) and 
overvoltage (59 relay device). 

, , 7 1 " # ; ~ $ i c l  , * I  

,BASIC OVERVOLTAGE AND 
.-" 1 j l : *  L ~ ~ ~ ~ R ~ ~ L T A ~ ~  CIRCUIT t 3  -1 2: ' z f i -iffds8gi&gtffl#~nfi$R$ttk~ik#Ri~ a 

provide warning aiarms when low voltage or high voltage occur. The 
basic types of electromechanical relays used for undcrvoltage and 
overvoltage protection are shown in Figure 2. Overvoltage circuits use 
normaLly open contacts that close when the relay is pulled in by the 
high voltage. The closing of these contacts open the circuit breaker, or 
provides the alarm signal for overvoltage. Undervoltage circuits use 
normally closed contacts. In  is application, the relay is pulled in at 
normal voltages. When the voltage drops, the relay's springs pull the 
armature away from the coil, and the contacts close. The closing of 
these contacts open the circuit breaker, or provides the alarm signal for 
undervoltage. The induction-disk relay on the right in Figure 2, 
provides a time delay that allows the system to ride through momentary 
rises and dips in voltage without opening circuit breakers, and without 
causing alarms. 

Fixed Conlaa 'Y" Movlng Contact 'X' 

PIunger-Type Relay Hinged-Armature-Type Relay Induction-Disk Relay 

Figure 2 

+++++++++++++++ 
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DIODES 
................................ 
* Function: Converting AC to DC * 

- 
* - - - - --- - -- * Other we:.Rec tifiers ,- - - - ..-,-. .,, _, -- ,- ,, - ,-,, ,-- -- , .- - - - 

- - -  - -  - _ - - _  - - -* - -  ____--_____-- * - -  - --- - - - - 

Solid state diodes are the most fundamental of the many solid 

. .- ..........-. - - .  state devices that include, among others, transistors, thyristors, 
integrated cucuits and microprocessors. Thcprefix "di" in the 
word diode means two. The "two" refers to two dissimilar 
materiaIs that are bonded together. The two dissimilar 

_- _- materids actually refer to the same materid, such as silicon 
that in a manufacturing process is separated into two batches. 
One batch is made positive and the other batch is made 
negative. A small amount from each batch is hen bonded 
together to produce a diode. Figure 1 represents the positive 
and negative materiaIs. Figure 2 represents the positive and 
negative materids after bonding. 

" 1 ,  / 

Diode ~ a t e r i 3 s  , , ,  , , , I  Diode Materials + , ",., , r . sJ  

Figure 1 Figure 2 

The positive-material side of a diode is calIed the anode and the 
negative-material side is called the cathode. Conductors are 
bonded to the anode and cathode. This is represented in Figure 
3 with the symbol for the diode shown in Figure 4. 

Cathode Anode Cathode 

A"0d* 4 
Anode and Cathode of a Diode Diode Symbol 

E134-1 - . . -  - , -  " -  ---.-.- ., ---. 7 - - - , "  - - - - - - -  -. * - --- - - - - 
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When the anode side of the diode is made negative and h e  
cathode side positive, the diodc acts like a nonconductor or an 
open circuit. This blocks current flow. This is shown in 
Figure 6. 

I NEGATIVE INPUT CAUSES DIODE TO BLOCK 

I Figure 6 

Whcn an AC signal is put into the diode, Lbc posifive portion 
of Lhe signal passes through the diode and the negative portion 
is blockcd. Thc resulting output is DC. This process is called 
rectification. (Diodes arc also called rectifiers). The resulting 
half-wave rectificarion from a singlc diode is shown in - 
Figure 7. 

I Figure 7 

Full-wave rectification can be achieved using the circuit shown 
in Figure 8. When The *A"-terminal of the voltage source is 
positive, the diodes marked "A" conduct, When The "B" 
terminal of Lhe voltage source is positive. the diodes marked 
"B" conduct This results in full-wave rectification. 

FULL-WAVE RECTIFIER BRIDGE 

Figure 8 

4 4 4 4 4 4 4 4 4 + 4 4 4 4  
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TRANSFORMER CONNECTIONS 

Figure 1 shows the three higher-voltage 0 and three lower- 
voltage (X) windings of a three-phase transformer. (The 

--- - " - - - . . - - - - - - - - windings in Figure 1 are shown in &c same tank, but-the lype- -----,- -_..---- + . 

--- - - - - - -  of connections that can be made, &I also be made_~+ $15- - 

ingIe-phase transforme 
$-Swinmgs" -" ".- - 

- - - - - - -  -- - -. - - - -  single-phase transformer wodd have windings H2 and H5, and--.---- --.-----*--- ---- - 

X2 and Xg. The third single-phase transformer would have 
windings H3 and Hg, and Xg and X6.) 

THREE-PHASE TRANSFORMER WINDINGS 

Figure 1 

One of the standard transformer connections is a wye or "Y" 
connection. This type of connection is called a wye because 
one cnd of each winding is tied togclher at a common point 
called lhc neutral connection; and if these windings were drawn -- . 

0 Professional Training Systems, Inc 2007 
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The neutral conncc~ion in  Figure 2 would be made by 
connecting Xq, Xg and Xg. Thc Xi ,  X2 and X3 leads would 
go lo three bushings, normally idcntified as X i  bushing, X2 
bushing and X3 bushing. Often here is a nccd to bring the 
neutral point of a wye connection externally from a 
trmsformcr tank. When this is done, a fourrh bushing is oftcn 

- -- A .  - A  .,...- . .'- -.. used and is normally identified as Xg (Figure 3a). 
- - -...-- 

, * 
m---'" - - - ---- -1- _d -" --*, - - - .. .* - . , "'r-"- --- ."* -4r-s.l d,.. ."- .-- 

The Xg or neutral point is commonly used as the grounding 
point in a grounded-wye system, and is shown in Figure 3b as 
it would appear on an clcctlical drawing. 

1 ! .h i  34249 n,r$811\  $ *  *K':jdqgjd+; ,eJ?$&kt %>j i  8 lg i j  A ~~4 ;{,,I , 
AL CONNECTION (XO) 

: IJ! "] 4 4 * 5  . I ., , 
4- ' 'I 

Figure 3a /#$$' : i $;Y, +, . 
The wye-connected transformer produces two usable voltages. 
One voltage is called the phase-to-phase voltage (also called 
line-@-line voltage) and appears bctwcen Xi and X2, between 
X2 and X3, and between X3 and X i  (Figure 4). 

PHASE-TO-PHASE VOLTAGES 

Figure 4 
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The other 3-phase voltage is called the phase-tcneulraI voltage 
(also calIcd line-to-ncuual voltage) and appears between Xi and 
XO, betwccn X2 and Xo, and between X3 and Xo (Figure 5). 

PHASE-TO-NEUTRAL VOLTAGES 

Figure 5 

When the neutral is grounded, the phase-to-neutral voltage is 
often called the phase-to-ground voltage or line-to-ground 
voltane. When an electrical svstem uses the phase-to-neutral 

. . . . .  . ! . . . . . . .  - - -  - . ~ bihings. Ihe relationship ofq p h a s e - t o - ~ h a r ~ ~ ~ n d ,  , , .. ,:i$P , :t . : .  . 
-&!bt&$@?gq& cc'&,& by,l$etion 1 Jle*oy!b; ,:#*ietk , 

.. 4f .*d.,.(. .:.' ' ,. . , , " , . , ,  . . . . .  F:, . . .  ,; . . . .  .,. ;. ' 3 .  # .: 

j I * a  , , Some of the common 3-phase, 4-wire syslcms arc 208Y/120, 
480Y/277. 4160Y12400, and 12,470Yl7200. 

The second common transformer connection is called the delta 
connection. The lower-voltage windings in the transformer in 
Figure 1 can be connected delta by connecting Xq to X2, Xg 
to X3. and X6 to XI. These connections are shown in Figure 
6a. When the three winding are drawn so that they are 
symmetrical, an equilateral triangle is formed (Figure 6b). 

. +* " - -  . "  - . -  -.- O Professional Training Systems, Inc 2007 



A della transformer has one 3-phase voltage that would appear 
between XI and X2, between X2 and XQ, and belwecn Xg and 
Xi. These vollages are shown in Figure 7. 

PHASE-TO-PHASE VOLTAGES (DELTA 
CONNECTION) 

Figure 7 

Grounding a delta transrormcr winding can be done at any one 
, . , 1 ,  5 , $  I : .:r i : j i  :j*i(lj psli$l :iij,vj&~$!hf,~?refs, 0 r . h  the,=nler of o n e . ~ & p e  , @ 5 w '  * % ~ ~ I u H I I I I x I Y I H ~ ~ ~ ~ I ~ ~ ~ ~ ( ~ I I B ~ ~ ~ ~  

When grounded'inehe center of a wiriding,'there'wlil 
h * ,  1. & Fu3'@ 3 I (  31 bs iil 

... , 
& a  ,y2+$;, I-t ; VqL .r.t p . '. 1 equal single-phase voltages appearing across each half of hat d,; - ,? {, , , f,f.,itj,,,+* t ,  i5i,,2 

/ (  j ] :  as. I .+*. $$; b%& rvi&lJ;.d r$ .I 8; ' %inding (in addition to the 3-phase voltage) An eramplb bf '(flg@dA 2Yl$C!~$1i1., . . h$~+'.i;l@ri* , ,, ;$jf; 
these voltages are shown in Figure 8. 

PHASE-TO-PHASE S( PHASE-TO-GROUND 
VOLTAGES (DELTA CONNECTION) 

Figure 8 

Transformers can be conneclcd in any wye-delta combination. 
The connections can be wye-wye, dclladclta, delta-wye or wye- 
delta on the higher- and lower-voltage windings. Most 
transformer nameplates give the type of connection for both 
the higher- and lower-voltage windings. The transformer - T $?$$,, : ;p:$g2t:x6 ?.< :~.&,p.+,z , /, d-, nameplates also i n d i c a  which lower-volmge winding and ',-. i~~~F%~~$#~%$%$$sL > A  

.re. " I - I  

which higher-voltage winding are on the same iron core. 
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Figurc 9 shows how this can be  dcterrnincd from the 
nameplate information. In Figure 9, the Xi-XO winding woultl 
be on the same piece of iron as the H1-H2 winding. This is 
indicated by both winding going in the same direction (both 
arc vertical). Matching-directions indicate that the X2-XO 

- . - -  winding would bc on the same piece of iron as the H2-H3 _ - - - _ - 
- - . - - - --. - ---winding,-and the_X3-Xoyinding wouldbc on ttm sxuc  piece - - . __ __ 

* -- 

Figure 9 

- - . * -  .-- . . - -.- _--- - ..._ I - I . - - -  -- -.- " --*. 

- 0 Professional Training Systems, Inc 2007 



Courtesy: Skip Collier 
TRANSFORMER NAMEPLATE 

Figure 10 



DISTRIBUTION TRANSFORMER 
CONNECTIONS 

The single-~hase transformers in the distribution systems of electric - .  
utilities can be connected phase-to-phase (also called line-to-line), or 

.......... A -  . . . . . . . . . . . . . . . . . .  phase-to-neutral (also called phase-to-ground). . -  Phase-to-phase . .. refers to .- -- . + . 
- ~ i n ~ l i - ~ h a s e  transformers being connected between two phases, such as . . . . . . .  .....-....... . -- ...-.-.............. - ... - - . . . .  - .. - - .- .... - - - - -. . -. -- -. . . 

en. pbase&v.and-p.h .:. ,?,,.. - 7**k-"h..>+.%,. .- -.-- -.--.~. - . . -..-a- 
. . .  . . .  . . ral refers' ' toM-i-efer8't .....-..... . . .  . . .  - 

between one the phases and'ieutral to serve ~ i n ~ l e - ~ h i s e  ldids. PhisGto-' - 
' ' . 

phase systems are also called delta systems, and phase-to-neutral systems 
are also called wye systems. Phase-to-phase systems are common in the 
state of California; phase-to-neutral systems are common in the 

" - - " - -  A - . - - . ,  remaining 49 states and in Canada. 

Single-Phase Transformers Connected Phase-to-Phase 

In a phase-to-phase system, each end of a single-phase-transformer's 3 .-- - 

high voltage winding has a voltage on it; therefore, each end the winding 
must exit the tank through a bushing to keep the conductors away from 
the steel tank. 

When single-phase transformers are connected to a three-phase source, 
the single-phase loads should be balanced as much as possible. This 
means that the single-phase loads connected between phases A and B 

connected between phases B and A, and-approximat&g the total KVA 
v=;?' 9 

connected between bhases A and C. In equation fonn this would be , 

expressed as Equation 1 where the KVA is the nameplate KVA 
(normally painted on the outside of the transformer tank. 

. . ? .  - .  - . TRANSFORMER CONNECTED BETWEEN A AND B PHASES- .. - --- , 
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Figures 1, 2 and 3 show pole-mounted distribution 
transformers connected phase to phase between A 
and B phases, between B and C phases and between 
A and C phases. 

TRANSFORMER CONNECTED BETWEEN B AND C PHASES 

Figure 2 

Courtesy: Skip Collier 

TRANSFORMER CONNECTED BETWEEN A AND C PHASES 

Figure 3 . . . - -. . - . 



le-Phase Transformers Connected Phase - to - Neutral 

In a phase-to-neutral-connected system, one side of a single- 
phase transformer's high-side windings is conncctcd to onc OP 
thc phascs. It therefore has a voltage on it, and has a bushing 

.--.. . . . . . . . . . . .  ........ .. . .-. ....... to keep the voltage away from the translormcr's steel lank..The ... --,. - - - -- ...----.-. ----- - .  . 

-. -. . - - - --. ,-- - .. - .--. - -. .......... other side of thc high-side winding is connected to the neutral. - - -  . 
, : 

asno-vollagwwn- . . . .  . . ...... a $-?~'fg&4~~5su_nd_e&i &*&:----.- t>z. ..-.. ..--.,--..- - .. 
w s  not r ~ u ~ e ~ i s l i i i i ~  . . . . . . . . . . . . . . . . .  . . . .  .I_......_._^_.__ ... __,".__ll. . . .  . _ .  . . .  _. - ........... ....--.lll....l..... -.- . . . . . . I . .  

Some phasc-to-neutral-connectcd transformers have only one 
bushing when connected as described in the preceding 
paragraph. Other phase-to-ncutral-connected transformers have 

..A,.. .-.. ,.-.,-. "A.. ..". ...,...-. ..-.--.-, .- -. .... . , . .  .......... two ,bushings..with the bushing on the non-phase-connected:. .--.. . .- . ..... 
side of the winding being connected to the neu~al conducror. 

Figures 4 and 5 show the phase and ncuual connections of a 
-,- - - . --. . *,-- .--- -.-- - - -  two-bushing pole-mounted dismbution Uansformer. Figure 6 - %  --- -,- .---------.-- +"- 

shows the ground conducmr at the bottom of the same pole as 
it enters the ground. 

Balancing thc load on a phase-to-neutral systcm consists of 
connecling the load so that the kVA connectcd between phase 
A and neutraI equals the kVA connected between phase B and 
neutral, and which equals the kVA conncclcd between phase C 
and neutral. In eouation form. this would be expressed as 

,- A , .  as  , ; i , I; , z . , Phase-to-Phase Systems Versus Phase-to-Neutral 

. : z  
n Svstems  

. . 

. ..... -.) i . , . .  . . . . . . . . . . . . . .  IL is more, expensive to use phase-lo-phase distribution t : i :!. i 
systems when compared to phase-to-neural distfibution 
systems. One reason is the voltage rating of the transformer 
insulation must be higher in phase-to-phase syslcms, and [he 
cost of insulation increases as the voltage increases. Another 

. . ;., . factor that will increase the cost of phase-to-phase distribution 
systems is that both sides of the high-side windings will need 

, , :. [ to have [using and lightning protection; in a phase-to-neutral 
system only the phase-connected side will need fusing and 
lightning protection. Also, a one-bushing transformer may be 
used in a phase-to-neuml system which decreases the cost of 

. . . . . . . . . .  . , , ;  ,%, 

. . . . .  he transrormcr. : .:. 
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Courtesy: Skip Collier 
SINGLE PHASE TRANSFORMER CONNECTED PHASE TO NEUTRAL 

Figure 4 . -  - . -  -.. - 



Figure 5 



Courtesy: Skip Collier 

BASE OF UTILITY POLE SHOWING CONDUCTOR FROM 
NEUTRAL BUSHING GOING INTO GROUND 

Figure 6 

Single phase transformers connected to serve a 

single-phase transforme 
ree-phase load. Figure 

shows a method of connecting the high-side 
bushings to the overhead distribution lines. Figure 8 
shows a method of connecting the low-side 

. . .  . . .  . . 
bushings to provide three-phase power. 

E139-12 





TO SERVE A THREE PHASE @AD 
<.A < 

Figure 8 "7 
OD 



DERIVATION OF THE 
SQUARE-ROOT-OF-THREE FACTOR FOR 

PHASE-TO-NEUTRAL VOLTAGES 
The value of a phase-to-neutral voltage is the phase-to-phase 

- --- -. ----- +---- --------- voltage divided by the square root of three. The derivation of- . - . - - - - - - . - . - . - - . -  -.- ---- 

- - - . - - - - - . - d e p s  apart as indicated. The portion formed by the X l  Zi~d+'--'--- -- I---- -- 
X3 legs is shown in Figure 2. 

WYE CONNECTION PORTION OF WYE 

r . *. I +  + I  angle., The "A:! iriangle in Figure 4 can be rotated lo produce 
the triangle shown in Figure 5. 

- .- . -,--- ." , - -. *- .-- .. ,- - - - "-- 

. - .  , -.. . w .,.. O Professional Training Systems, Inc 2007 



RIGHT TRIANGLE WITH RIGHT TRIANGLE WITH 
LONGEST SIDE TWICE SIDES A, B AND C 
THE SHORTEST SIDE 

Figure 6 Figure 7 

In equation form, this is written as C2 = A* + B ~ .  
Subslituting 2 for C  and 1 for A in the equation yields 

The relationship of the phase-lo-phase and phase-to-neutral 
voltage can be determined by assigning the value of 2 to the 
phase-lo-neuual voltage as shown in Figure 8. The 6 value 
is one-half of the phase-to-phase voltage as indicated in Figure 
8. This results in the total phase-to-phase voltage being 2 6  
Dividing both the phase-to-neulral voltage and the phase-to- 
phase by two, resulu in b e  relationship of 6 to 1 between 
them. 

43 '3:: ;." ., I. Z.q'rtTi,i&iq+5kd 
hqi- '  w > - , . y . q  

' i '  

RELATIVE VALUES OF PHASE-TO-NEUTRAL 

I AND PHASE-TO-PHASE VOLTAGES 

Figure 8 
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ELECTRICAL DRAWINGS 

Electrical drawings are used to represent electrical circuits and 
systems in a simplified and somewhat standardized format. 

..- . - ---~ - . . - Each component and piece of equipment has a symbol (some 
*- ---. . --. 7 .. P -- 

- ' have' two or three syrnbo1s)TLines'-xe-h-wn belwecn thF"--- 

-- - - -- . +---- - - 
elementary or schematic $awing %liGhn in Figure j, and the 
one-line or single-line drawing shown in Figure 2. The 
elementary shows each conductor as a line. The one-line 
condenses the three conductors of a 3-phase, or the two 
conductors af a single-phase system, into a single line.-The- . - - - - .  
elementary provides mare detailed information; the one-line 
provides a more general overview of a circuit or system. 

- -.. -.-.,.. . . .  ...... .......... . .................. .. .-... -....... ....---',--.-....71-' *.-- -..'-----l" .,.---..,--- - .---.<- + ,---.... .-"* , . -  , ~ .  . 

E141-1 . , 
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AMERICAN STANDARD DEVICE FUNCTION NUMBERS 

. .ir" - -. -..- l - i A ' L  -4.- C . i-cli- -- -1- ur l" - - 0 .  - . __IL_______ .- - - -- L___---- - .  
, +-.. " 

1. Yvlaster Element 51. A-C Time Overcurrent Relay 
2. Time-delay Starting or Closixlg, Relay 52. A-C Circuit Breaker 
3 .  Checking or Interlocking Relay 53. Exciter or D-C Generator Relay 
4. Master Contactor 54. Re5erved for future application 
5. Stopping Device 55. Power Factor Relay 
6. Starting Circuit Breaker 56. Field Application Relay 
7. Anode Circuit Breaker 57. Short-circuiting or Grounding Device 
S. Control Power Disconnecting Device 58. Rectification Failure Relay 
9. Reversing Device 59. Overvoltage Relay 

10. Unit Se uence Switch 4 60. Voltage or Current Balance Relay 
11. Reserve for future application 61. Reserved for future application 
12. Over-Speed Dcvice 62. Time-Delay Stopping, or Opening, Relay 
13. Synchronous-Speed Device 63. Liquid or Gas Pressure or Vacuum Relay 
14. Under-Speed Device 64. Ground Protective Relay 
15. Speed or Fre uency Matching Device S 65. Governor 
16. Reserved for uture application 66. Notching or Jo ging Device 
17. Shunting or Discharge Switch 67. A-C Directiona f Overcurrent Vacuum Relay 
18. Accelerating or Decelerating Device 68. Blocking Relay 
19. Starting-to-Running Transition Contactor 69. Permissive Control Device 
20. Valve 70. Rheostat 

sr,r rl'~"z121.DistanceRelay' t r  " 5 e 5 ;!' i t  . ,: ' 71. ~ i ~ d i d " ~ r ~ ~ % s ? ' ~ 8 & 1 ~ ~ 1 t i h e r & ~ ~ @ ~ & ~  #%#I; 
22. Equalizer Circuit Breaker,. 72. D-C Circuit Breaker I & <  

I L 
. : , 2 3 .  T ~ ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ & ~ ~  I 

- 73, Load-Resistor C o n t a e t o 4  1, gp,, a r  
i - i  , , I  7 + , . ~ ) ! f l ~ & ~ ~ & d ' f ~ + ~ f ~ ~ d  e ap libdtiob a f ~ ~ d ~  .iif $,L* %$ii(r '12': 74: Alarm Relay , j - I i s  1 c 

25. Synchronizing or S nc ronous-Check Device i' 75. Position Changing Mechanism 
26. Apparatus Therma Device 76. D-C Overcurrent Relay 
27. Undervoltage Relay 77. Pulse Transmitter 
28. Flame Detector 78. Phase Angle Measuring or Out-of-Step 
29. Isolating Contactor Protective Relay 
30. Annunciator Relay 79. A-C Reclosing Relay 
31. Separate Excitation Device 80. Liquid or Gas Flow Relay 
32. Directional Power Relay 81. Frequency Relay 
33. Position Switch 82. D-C Reclosin Relay 
34. Master Sequence Device 83. Automatic Se ective Control or Transfer Relay 
35. Brush-Operating or Slip-Ring-Short- 

e: 
84. Operating Mechanism 

Circuiting Device 85. Carrier or Pilot-Wire Receiver Relay 
36. Polarity or Polarizin Voltage Device % 86. Locking-Out Relay 
37. Undercurrent or Un erpower Relay 87. Differential Protective Relay 
38. Bearing Protective Device 88. Auxiliary Motor or Motor Generator 
39. Mechanical Condition Monitor 89. Line Switch 
40. Field Relay 90. Re ulating Device 
41. Field Circuit Breaker 91. Vo ? tage Directional Relay 
42. Running Circuit Breaker 92. Voltage and Power Directional Relay 
43. Manual Transfer or Selector Device 93. Field Changing Contactor 
44. Unit Sequence Starting Relay 94. Tripping or Trip-Free Relay 
45. Atmospheric Condition Monitor 
46. Reverse-Phase or Phase-Balance Current Relay 
47. Phase-Sequence Voltage Relay 
48. Incomplete Squence Relay 
49. Machine or Transformer Thermal Relay 
50. Instantaneous Overcurrent Or Rate-of Rise Relay 
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A standard has bccn developed that assigns numbcrs to many 
of the more common types of control and protective electrical 
equipment. This minimizes lengthy written names. This 
standard is provided as Figure 3. 

Electrical systems are typically represented in elementary or --..---- -----..-. -..-.. ....................................... . . . . . . .  . . . .  
- .-.--.--, .... . one-line format ... Individual pieces. of equipment, however,. . .  

. k-%3!&%d,* ..,slp..rCc=;n. . .--- , . . ---..- 
gs -are* the30 

.- - ....,.,. ..... intcrconnections-&awings. Both of these arc 
-' ' .' ' . 

"wiring" diagrams because they indicate where each individual 
conductor is terminated. 

. ~. . A conrleclion drawing indicates where each conductor internal - . -. - --- -- 
to a piece of equipment is connected. An interconnection 
drawing indicates where each conductor leaving or entcring h e  
piece of equipment is connected. This information makes the 

. . - . -- - - .- - . - . - connection and inlerconnection drawings necessities when - - .--+ . 

working on electrical control and protective circuits. 

Figure 4 shows a typical circuit for electrically opening a 
circuit breaker. Closing the pushbutton, or any of the three 
overcurrent-relay contacts, causes the trip coil to be energized. 
The uip coil, when energized, causes the circuit breaker to 
open. 

TYPICAL ELEMENTARY FOR CIRCUIT 

. . . .  

............................................................................ ..... 4,. .+,--...-+.---..-. .......................... .- ....-........-....--. -.-.---.-. ----... ------- . - . .  

E141-3 
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CONNECTION (WIRING) DRAWING 
P 8 f $ , , , . , r , . 4.~3rd&.rrr &tfj(iJn$##& @$$i#Id.1$ Qlidi I 

wibin a piece of equipment. External connections are show on 
interconnection drawings such as that shown in Figure 6. 

When mcing the connection on the top of the positive fuse in 
Figure 5 ,  it was found to terminate on point 2 of the AA 
terminal block. In Figure 6, it is seen that the point 2 on the 
AA terminal block in unit 1 is connected to point 2 on the AA 
terminal block in unit 2, which is  connected to point 2 on the 
AA terminal block in unit 3, which is  connected to point 2 on 
the AA terminal block in unit 4. From there, the connection 
goes to the positive terminal of the batteries in the basement, 

Figure 6 
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TAP CHANGERS 
The voltage on a system decreases as the distance from the source 
transformer or generator increases. For example, the voltage 10 milcs 
from a source lransfomcr will be less than the voltage 1 mile from 

--...----. ----- the transformer. The voltage at any p i n t  on a system also decreases - -  -- -- - .-........ ... 
as i,he curtent on thesystemincreases. This is indicated by Ohm's- 

& A- 

m- * * - - - - - -  

A - -- * --.- ---------- - - ---- "- -- - 
and the fl6w ofcurrent; cohtive-action must be tiken to keep the 
voltage within the allowable range. One of the methods to keep 
voltage within the allowable range is a tap changer. 

Tap changers change the ratio of the input winding to the output - -. . . . . . . . . . .  .. .- - winding. By doing so, the output voltage is changed. Figures 1, 2 

and 3 show high- and low-side windings and the result of using taps 
to change the input-to-output ra~ios, 

Figure Figure 2 Figure 3 

vices h a t  mechanically change a connection point 
in a winding. Figure 4 shows transformer windings wilh a no-load 
tap changer W T C )  on the high side, and a load tap changer (LTC) 
on the low side. In some utilities a load tap changer is called a tap 
change under load m). 

- - -  .-- . - O Professional Training Systems, Inc 2007 



Figures 5, 6 and 7 are photographs of no-load tap 
changing mechanisms. 

Courtesy: Skip Collier I 
I NO LOAD TAP CHANGER OPERATING MECHANISM I 

Figure 5 

Courtesy: Skip Collier 

NO LOAD TAP CHANGER OPERATING MECHANISM 

. . -- - . -  - - Figure 6 
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" ''Figure 7 I\. 

Load tap changers allow tap changes td be made 
under load conditions without an inteGption of 
power. The sequence of operations for a load tap 
changer begins with both contacts on the same tap. 
This is shown in Figure 8. The upper set of contacts 
open and break current flow through the upper path 
(Figure 9). The upper-path current immediately 
transfers to the lower path and the customer never 
loses power. 



Once the total currcnt is flo~r~ing in thc bollom path, thc uppcr 
conncctor lifis olf the initial tap and moves to thc ncxt u p  (Figure 
10). Aflcr h c  uppcr connector has movcd and reconnected, ils contact 
closes, allowing currenl to llow rhrough both palhs. This is callcd 
rhc bridging position and is shown i n  Figurc 11. 

UPPER CONTACT ON 
NEXT HIGHER TAP 

Figure 10 

CONTACTS IN BRIDGING 
POSI'ITON 
Figure 11 

Once currcnt is esrablishcct in both conncctors, thc lower contacts 
open and Lrmslcr its currcnl to the uppcr path (Figurc 12). Thc lowcr 
connector hen moves to 1hc ncxt highcr mp and scls down ncxt to 
thc uppcr conncctor (Figure 13). 

LOWER CONTACTS OPEN AND LOWER CONNECTOR hlOVES 
TRANSFER CURRENT TO UPPER TO NEXT HIGHER TAP 

CONTACTS 
Figure 12 Figure 13 

A k r  h e  bottom conncctor has movcd LO Ihe ncxt uppcr lap. 
the bollom contacts close (Figurc 14). Current flows lllrough 
both conncctors and h e  tap change is complclc. 

TI Chrn at 3 
BOTTOM CONTACrl'S CLOSE TO 

COMPLETE TAP CHANCE 

Figure 14 

0 Professional Training Systems, Inc 2007 



Figure 15 shows a single-phase transformer with a 
load tap changer. Figure 16 shows a load-tap- 
changer position indicator. 





ELECTRICAL DISCONNKCT 
SWITCHES 

********************************* 
---, - .- .-- ... -s---..-..-. ----*.,.-- - .+ .- -- . I.. . _.. __- .. __ . ._ -  - ,_ . ,_ _- _ _  ,_____- .7.1.__._ , 

---- * - - - - -  Definition:--- Devices used to connect and dis-- ---." ._ . __ ----.- - - - 

* Other names: Disconnects, switches, cutouts, * 
* fused disconnects, circuit switch- * * ers, circuit interrupters, load * 

- .--- -. - . --.*'.--.- -. . - -  , - .. * - . -  - 
intermptcrs * * 

A svGitch is a dcvice used to meet and disca~nect a compment fran 
an electrical system, a to cmnect and disca~nect portions of electrical 
systems. l'he standard residential light switch is the most m a n  of 

, j 

- - 
I _  

Egure 1 s h o ~  a hertically openinghigh-voltas dismnect switch. Jt 
is s h m  in the open positim. ?he three vertical arms swing dmnward 
to the right to close the switch, 'Ihis m n w t s  the transfmmer m the 
left side of the pholqgaph tothe aluminurnbus m theright. 'The switch 
in Ewe 1 will not break lmd current without damaQrlg itself. F a  
this reasm,it is called a nelaad-brcak switch. In mder fa it to T e n  
when current is flowing acircuit breaker in thecircuit must open first 
tointerrupt the flowaf current. 

- .  . - , .  .".* O Professional Training Systems, Inc 2007 
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Courtesy: Skip Collier 

VERTICALLY OPENING DISCONNECT SWITCH' ;* #*... . *, i - 

Courtesy: Skip Collier 

HORIZONTALLY OPENING DISCONNECT SWITCH 

Figure 2 





SF6 REACTOR CAPACITOR SWlTCHES 

A system's power factor varies due to changes in 
reactive load. Shunt reactors and capacitors are used 
to keep the power factor within a desired range. 
Shunt reactors are switched into the system to offset 
capacitance during periods of light load. Capacitors 

- - " -  - - lr'+..-L- .-1Q.. 
---.--. - -- I* --I- L 

. -. . , are --switched into" the system to offset system- ---.- .: - - 

inductance during high-load periods. Sulphur 
hexafluoride-insulated (SF6) reactor-capacitor 
switches were developed to perform this switching. 

Figure 1 is a photograph of a 500 kV reactor- 
capacitor switch at the Bonneville Power Admini- 
stration's Raver Substation located near Seattle, 
Washington. The switch was developed by 
Westinghouse Electric Corporation under a joint 
contract funded by the Electric Power Research 
Institute (EPRI) and the Bonneville Power 
Administration. 

SFs REACTOR CAPACITOR SWITCH 
- 

? .-- 
0 Professional Training Systems, Inc. 2007 Figure 1 
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TRAN SMlSSION LINES 

The voltage produced by a generator is raised by a step-up 
transformer to a transmission level. This step-up in voltage 
is done to keep the transmission conductors relatively 

. , -. ............ --- - ..... . .  -.- ,--.-.,A. small. ,-By analyzing the e-quation -.for -.electrical pawer ..- ... -.,..,- . .,. 

... .--.-_..-.-.--.(Power  voltage X Current), it can be seen that for a fixed---. --------- .. - 

-............. - - ----. current decreases.- This- principle of - higher voltage- and - - -- -"- -- --- - - --- 

lower current results in smaller transmission conductors 
being necessary. 

,'.,, - . .  ........... ................ Overhead transmission conductors are not insulated. . . . . . .  . . . . .  -. --,.. ....* .. .............................. . . .  
Therefore, a higher "voltage results in-"the requirements of 
the distance above the terrain being greater, the distances 

-. - - .  between the phases being greater and the-length of the-, ,, _..,, ,.,-, . - 
suspension insulators being greater. 

Figure 1 shows two line workers suspended from a tower 
cross-arm next to suspension insulators. The suspension 
insulators support the conductors, and provide the 
necessary clearance (distance) between the conductor and 
cross-arm. Figure 2 shows a flashover (current flowing 
across the surface ..of a sus 

. i j y  : i  - ! * i f ( i $ ! ~ a $ i ~ ~ @ & + i ~ ~ s @ i ' j t  : ; i $ t l * ~ r p ~ * * ~ ~ : 4 g ~ p ~ ~  
. . . .  show tRe connection bet 

i.'.insul$f&c,- and: tl~~:&nductor 
jg;;s:l:$ ?,g?&m%? * , ~:. .*..@j:ykgf&y:-, ;:,;;, . ., ,. 

suspension insulator; ,. 4?:k*i8.. 
, .  , .  

f . "  , >  > : ! ,  , . . . . . . . . . . . . . . . . . . , . . . .  .s. 41 . . . 

I Figure 1 + ' Figure 2 
--. - . " " -_---- ..-.- - . . - - ------ - . ^ "- ---. - ---.-* -?- - . -d.---.a-- --- - . - 

O Professional Training Systems, Inc. 2007 - 
E144-1 



Courtesy: Bonneville Power Administration 
SUSPENSION INSULATORS POLYMER SUSPENSION INSULATOR 
HOLDING CONDUCTORS 

utility to utility. Figure 5 shows the configuration of 
typical Bonneville Power Administration designs. 
The heights (in meters on the left and feet on the 
right) are averages for level terrain. Actual heights 
vary depending on terrain and environmental 
factors. 

Figure 5 
. . ... 



TRANSMISSION SYSTEMS 
AND LIGHTNING 

Lightning lends to hit the highest object around, and if h e  object 
is metal, it is almost sure lo be hit by Iightning. Because of 

- --- - ----- .- -- - -  - .-----. their heights, transmission lines and. overhead distribution -- ---- -- ------ -- 
---- --- - systems are likely targets of lighming. In order to hclp protect - ---- ----- - 

- a W ! p h ~ i n g ,  
. . . . .  *mWshi'eld wires ...-...-. 

---- -- - --- ~. --- - -- lighrning hits the shiefi wire, the lightning cur&nf hHs a path to . 
ground through one of the ground connections. 
Shield wires do not provide 100-percent protection from 
lightning. A lightning strike that hits onc of the conductors 

- - ,. - , .*. -"- ,.- .---.- - places a high-energy waveform on the line. If the voltage level of - . - 
the waveform is greater than that which a suspension insulator 
can withstand, the energy in the lightning strike will cause a 
flashover at a suspension insulator. The encrgy then goes to ... *.. . . - " ". - -  . - -1 ground through the tower. = -- 
If the lightning-induced voltage is not great enough to cause a 
flashover at a suspension insulator, the lightning energy is 
dissipated as it travels down the transmission Iine. If, however, a 
lightning strike is close to a substation, the energy can reach 
substation equipment before it is dissipated. If the equipment 
happens to be a transformer, a very expensive failure of the 
transformer can result. 
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CORONA 

Corona is an undesirable phenomenon that occurs 
when there is high voltage applied to a small area. 
This high voltage causes the surrounding air, which 

areas. Insulation damage can also result. 

Corona increases with increased humidity and can 
often be seen in high-voltage substations in the form . .  

a bluish glow around conductors. It is accompanied 
by a hissing, buzzing or crackling sound. 

.- > - -  - - - -  .- . 2 - - - ., --. .: . . + - * 

Since corona is caused by a high voltage applied to 
a small area, it can be minimized by eliminating 
sharp corners and other "pointed" areas such as 
nicks on conductors. This prevents voltage from 
being concentrated on a small area. 

' Figure1 . '  .............................................. ...... ..,........-.......-.---.*...... ...-- ......................... 
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AUTOTRANSFORMERS 

Transformers are used when power is being transferred from 
part of a system to another part, such as from a higher vollage 
system to a lower voltage system. Normally this is done with 
a two-winding transformer. However, when the voltages in the 

. . ....-.. - --,-, ". -..,--..-- 
two systems are relatively close to each other, a one-winding 

. -..... .. . . . .  . . . .  msfoi-mer can be used; A one-winding transformer is called--.- -----.-- ---.. .- - 
-. ... . an autotransformer and 

EeFi .---- .. - --.. 
. . . .  .. .. " .* ...-,~-. - . . . .  : . . ,  . - . . .  . . . .  . . .  . -. ..... ---. .--* . - - . ,.- _m------, .-,I_-..; *"---~-,-_,-*---,- -- - 

Figure 1 

might ap ear that there are actual1 twp-. ,:,** . , + t  -,= 

'7. Wr&f&~ddinC~di~~&8ki#f ~&l@g#a# ##%$@#$- r 2.: ', 

winding, 50 volts woLd be induced on the lob-turn p 
(Figure 2). 

O Professional Training Systems, Inc 2007 - . -. +-.. ". . . -..- - 



Courtesy: Bonneville Power Administration 

I THREE SINGLE PHASE AUTOTRANSFORMERS 

Figure 4 

Figure 5 shows a three-phase autotransformer; 
Figure 6 shows the nameplate of the same three- 
phase transformer. 





, 
. . - -  . , -  - . . &. - r POWER -SYSTEMS D[V~SION;Z~-~  

CANONSBURG. P4.15317, U.S A. 
T H R E E  PHASE AUTO TRANSFORMER 

VOLTAGE RATING 1 1 5 5 0 0 G R D Y / 6 6 7 0 0 - 6 9 O O O G R D ~ ~ / 3 9 ~ ~ - 2 5 0 0 ~  
20000 KVA OA RATING SPEC. 13641 

26666 KVA OA/FA RATING SERIALI- . - \L 7 - -  - 1 
33333 KVA OA/FA/FA RATING C L 4 S 3  D b / F & / F b  

.. , 

+j.;, .. ,. *>r: 

Figure 6 
.- < . .  , 

. . ,  . , . 



PHASE SHIFTING (PHASE ANGLE) 
TRANSFORMERS 

When a transmission line makes a loop over several huncircd 
--.. --- --- -. -- -----"-*--- - *  * --- miles, the voltage sine waves at the point where the loop is to------------- --- 

. -- siicwaves into phase. This is shown in Figure 

O Professional Training Systems, Inc 2007 --  .-, . -La . - .-. - w e  - 



Figure 3 shows examplcs of loop flow. (Loop flow is powcr 
flowing to a load in a not-conuacted-for transmission line.) A 
phase shifting transformer can be uscd to block loop flow 
whcn placcd in the not-contractcd-for transmission linc. It c,m 
be used to forcc power bough Ihc contrac~cd-for transmission 
linc whcn placcd in  the contracted-for line. 

POWER FLOW IN TRANSMISSION SYSTEMS 

Figure 3 

-- - - - 
E148-2 ++++++++++++++++ 
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DC TRANSMISSION 

Most transmission systems use AC voltage. Using AC 
voltage, however, incurs both resistive and reactance losses in 
the uansrnission lines, and also in each kansformer. Of these 

.. - - -*. * -  .- - - --- -- -- - . --------- ------ -.- - - 
--- losses; the inductive-reactance loss is-normally the greatest. 

-- ----- -- -------- -- - -.--.------ - - - 
DC lines do not have inductive lossSs--Becauk of less losses 

=.lr).I);.*.XL 
m .- . . -.-.-*. 

-- . - -.-_ .. - . - -- - power. DC transmission has had two primary drawbacks that -- -- - - -- --- ---- - - 
prevent it from being used for transmission exclusively. These 
arc 

1. The cost of the equipment to change AC to DC 
-- - ---.-- --.- ---- - ---A,-.. -- - - at the sending end, and then from DC back to AC .. d . - - . - -  - * -  -- 

at the receiving end is very expensive. 

- . "-. >,--_-- ";-, - _ _ _  "_. < , a - *, 2- No circuit breakers capable of "&. breaking . . , DC " -.-" L. - .+ -- 
- - " '  current at transmission voltages. 

The high cost of the equipment to change AC to DC (called 
rectifiers), and to change DC to AC (called inverters) makes 
DC transmission economical only for long distances. Figure 1 
shows a system with DC transmission. 

. --. ..--I- .-.- ,In*-- ." ,- . - .-- --. . - 3 . -  

--+.. - , -----.-& . .-.-- -. ,L 0 Professional Training Systems, Inc 2007 , - .  



(A facility that can operate both as a rectifier when sending 
power, and as an inverter when receiving power is called a 
converter station.) Figure 2 show the initial mercury-arc 
valves used in the converter stations on the *500 KVDC 
line that runs from The Dalles, Oregon to Sylmar, 
California. 

Courtesy: Bonneville Power Administration 
:-TO-DC AND DC-TO-AC CONVERTERS (CALLED VALVES) 

Figure 2 

Figure 3 shows modern solid-state thyristors used instead of 
mercury-arc valves. As transmission-level solid-state tech- 
nology has advanced, the cost of converter stations has dropped 
(relative to the cost of AC substations). The break-even 
distances for DC transmission lines has decreased accordingly. 

When DC transmission was first used, there were no DC circuit 
breakers; circuits had to be broken on the AC side of the 

ircuit breaker was developed. Without DC circuit breakers, 

It was expected that the development of a DC circuit breaker 
would result in much more DC transmission being built, but to 
date, that has not been the case. - -- ---- . ---- -., 



I SOLID STATE THYRISTOR VALVES 
- - - - ". " --- - --- ----.".----*~ - .---- -- ----.. -.+..-.--- - - - - I - - - ".-- 7 . -- -- - - ."" -.l̂  - --- ---.--- -. - - - - 
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A DC transmission line with its two lines (one 
positive and one negative just like a battery) is very 
distinctive when compared to a typical AC 
transmission line with its three lines (one for each 
phase). A DC transmission line is shown in Figure 4. 

Figure 4 



STEP VOLTAGE REGULATORS 

Step voltage regulators are used to maintain voltage between 
. . . . - . . -  . -- .--. .. . .  .... .......... ..... 

preset minimum and maximum lcvcls. The .basic parts of a 
---->*--- ,-..-. 

stedi;oltiie iegula'tor -iie"ajiajiau"tij-iansfoimei ~ i n d i n k - ~ d  'a 

1000 TURNS 
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Figure 3 
In a step voltage re.gulator, the winding that is energized by an 
external voltage source is called the exciting or excitation 
winding; the fewer turns winding in which a voltage is 
induced is called the regulator winding. 

The voltage-regulating feature of a step voltage regulator is 
obtained by changing the number of turns in the regulator 
winding. This IS done with a load tap changer. 

In order to allow both add~ t~ve  and subtractive connections, 
two items are required. One 1s a connection from the 
excltatlon winding to a point ~n the load tap changer. This 

- conductor is connected at point "A" in the excitation winding - .  
in the load tap changer at point "B." The output 

a. 

ill be 5 , q ~ o l t s  with th49p~~~~g7x&$~~$dr!~ &e.~"'&bl 'b~?.x * 4 p C ~ ' ~ ~  - - , 
rial. i flh& "BY ~e&$@@~idintifiedi I < )  + ,  asQ,thq yi:8$"~/&[%%C&~#%~i&~$~~~$s's' I , t 

position in an actual regulator.) 

The second of the required items is a reversing switch that 
allows connecting the excitation winding to either end of the 
regulator winding. 

The option of connecting to either end of the regulator 
winding provides the additive and subtractive options. In order 
to move the reversing switch, the tap-changer contacts must be 
on the "B" terminal: if not the circuit will be broken while the 
reversing switch is making a change in position. 

In Figure 4, the reversing switch is in the additive (Raise) 
position and the output voltage range is 500 volts to 550 volts, 

Figure 4 - - - . - - - , 
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In Figure 5, the reversing switch is in the 
subtractive (lower) position.- The output voltage 
range is 450 volts to 500 volts. 

450 volts to 500 volts 
I 

Figure 5 

Figure 6 shows a 3-phase voltage regulator at the 







Figure 9 . .  + 
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Courtesy: Skip Collier 

SINGLE PHASE VOLTAGE REGULATORS 



SYNCHRONIZING 
Synchronizing is the procedure of connecting a generator to an 
operating electrical system. (Synchronizing a generator is also 
called paral1eIing the generator, going on-line and coming on- 
line.) The act of synchronizing is exu-emely simple, consisting 

" -  - - - > -  - - --'-only of closing-a circuit breaker that connccts the generator to- "---'^-'---- -- - - -- 
--- - - -- - - - - -- - . - - - . . - - - - - the operating systernrFigurc 1 shows a utility system with a --- - 

-.-~. . ---'..N4.* 
. - ............ ...... +.. .-,.-. --.. 

:--. ... _. .... ... - . . . . . . . .  . .  synchronizing afeexmmely. critical..These prerequisites are _. ..-.--... -...- . .  . . .  

1. The phase sequence of hc gencrator must be the same as 
the other generators in the system 

2. The frequencies must be the same 
3. The voltages at the point of connection must be the same 

. . . . . . . . . . . . . .  ............................. ..... 4 The voltages must be in phase . .....- . .---. .-. .-.. ........... . ...-.--. ........ ...-.... ... --.... ........... 



. .  .:~rr.+..T+rc-iiR:..iiR:Y "*.Ltl"rxi,.YiyyyyU~U .... -.hlYu..burn* =i-. ..-- .=. .,... .......................... . ,  . . . . . . . . .  - .  .... .....*....... * "* ,.,.w-- * .-.. .............. .... . . . . . . ? . .  . . . . . .  . . 

GENISR.4TOR YHIZSE ROTATION A-B-C 

RELiITIONSHII' OF "B" PHASES 
; A2, C 2 ' ,  B2 WHEN "A" PHASES ARE IN PHASE 

=/ - : .. 
/ -. P. \ ' C / -.*. *.: \ J --..*:- 

1 GENICRATOR PHASE ROTATION A-C-13 

I Figure 2 I 
:I:i%ylndj);,f;i,,ai ,%lGri.i.*#fl$qf .+-tqgi: crtt$ ' 1 1%; r )  6: (!%' 1 i + " ( b  148~fQ#IYnjdfifl#l11~ Correct Frequency In order to synchroniz~ a generator, 

4 I w.5ijg f f i~l" '  generamr,,m~st~@3q~~*$~ s a ~ ~ $ y u e n c y  as the operating $' - $&tjF.iB3;, I :pl " O  - 
,L" W l l  ;, i 4 

I '  , I I ' i l!-" ?$ : ~ , k & . . ~ ,  system: stategand ~ h u a ~ ~ y ~ $ ~ & ~ ~ t ' , ~ & ~ & ~ $ $  Canada IS 60 Hertz. Any generator P,$LN::~~ that in is hej~?iled&4jb2r:k connected i*j .. 
to these 60 Hertz systems must-thkn also be producing 60 
Hertz. 

Frequency is determined by the number of field poles in the 
generator, and the generator's speed. Since the number of field 
poles is fixed, the generator's speed must be changed to adjust 
frequency. The speed of a generator is controlled by the 
mechanical power being applied to turn the generator field. To 
change the generator's speed, the operator either increases or 
decreases this mechanical power. In hydroelectric generators, 
the amount of water flow is adjusted. In steam units, the 
amount of steam is adjusted. In gas turbine units and in diesel 
units, the amount of fuel is adjusted. Once the correct 
frequency is obtained, automatic speed regulators maintain the 
PtopeTspccd. 

Equal Voltages In order for the two electrical systems to be 
tied together. the voltages must be the same at the point of 
connection. In Figure 1, if the system voltmeter is reading 500 
kv, then the generator voltage would be adjusted so that the 
voltage on the system side of lhe step-up transformer would 

kv. (The actual generator voltage might be 
bul on the system side of the step-up 
voltage would be 500 kv.) 

uld be adjusted by increasin 
increasing the exci 

tage, and decreasin 
tor voltage. The nenera 

operator would watch the gcn&amr vo~trnet& (usuafy placed 
next t the system voltmeter on the control panel such as 
illustrated in Figure l), and would then adjust the generator 
voItage to match the system voltage. ~. 

0 Professional Training Systems, Inc 2007 



Correct Voltage Phasing The fourth prerequisite for 
synchronizing involves comparing a particular phase (A, B 
or C ) of the operating system wilh the same phase (A, B or 
C) of [he generalor to be synchronized. (The comparison of 

A-.- -- -- -. - - . - -  " ---- -..-.---- -- - .- -- only one phase is required because if the vhasc~robtionsof the- - 

............ - -.- ---...,-.,- -- --- .. ..-.. -.. ........ .---. .. - ......... -...... -"I,I.-._--..-L.-r--.l-.-.--:---.-.~--.-- 

The phase matching is normally accomplished using a 
synchroscope such as illustrated in Figure 3. The indicator (the 
arrow) rotates in a clockwise direction when the generator 
speed is greater than the operating system's speed. The 

..-,--....,-.. ....... indicator rotates in a counterclockwise direction when the ....-.-.. ....-.....;...=.-..........-. . . . .  . . .  ........ . .  , . . . . . . . . . . . . . . . . . . . .  
generator speed is less than the operating system's speed. 
When Lhe indicator is at the 12:OO position, the generator is 

. . 

....... ........... . . . . . . . .  ... - . . . . . . . .  exacily in-phase wiLh theoperating system. When the indicator. .............. . . .  .,..-..-- ..-..-..--.. .-... '....-.-.-.A G.'. pa.--.-.d -k%ilil.i.G: 2 :  ;- ... ..........-... ....... 
. . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . .  

is in the 6:00 position, the respective +s&msare' 180 degrees 
out of phase, the worst condition for synchronizing. 

Normal procedure is to synchronize with the generator running - 
slightIy faster than Lhe system, which means the indicator will 
be turning in the clockwise direction. When the indicator is I 

approximately at 1 1:30, the operator turns a switch that closes 
the generator's breaker. With the mechanical lag time in the 
breaker's closing mechanism, when the breaker's contacts , , , -,%, , , 

. !.,. +. J1 .,: yI~y3~qP+.theig~@@gqr9r!f,1&:z@4~~&v~~-rgt - b r i i . + g  -~an+&,ixz a 



SYNCHROSCOPE 

Figure 4 is a photograph of a synchroscope and 
voltmeter. The voltmeter shown gets its signal 
from one side of the open synchronizing circuit 
breaker. An identical voltmeter, not shown, would 

.L.LL.li< Y 2. -1.. I*--*& A**%,+, 
get its signal from the other side % -  of the open 

. - -" .-. -* *.' - + ?$;'? . ;.;-v*:F -.--- 
i .-.̂ a)* --h 

- - 
- .  "- " ,*.* , circuit breaker: The operator would first mat~h-- 

voltages using the two voltmeters, and then woul 
1 close the circuit breaker when the synchroscope is 

I YNCHROSCOPE AND VOLTMETER 

Figure 4 , -- -.- -". . --  -*-----. 
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ELECTRICAL SYSTEM STABILITY 

A utility electrical system is a balance between the total load 
and the total generation. There is another balance in the 
system. This consists of the balance between the generators 

............ ........ --.----.. ----.... .. .....--.---- -. operating in the system. ~h~ stability of a- system refers. the-*.", ' -'-I ' .-,. - - -" ' . .  - 

.~ - - ability. of the generators~ wi*in the system to. maintain these - 
-- - -  - - " - - ' ' - -  

. . 
_LIY--*-. . -- - ........ ..... ,=-...,-- 

. . . .  ........-. . 7-111-. ... -. .... *--. 

Just as power is transfcrrcd from a generator to a motor, power 
can also be transferred from one generator to another. The total 
amount of power bat  can be transmitted between generators 

...-. - -  ......... _... without Iosing synchronous is called the "power limit" or the. . .  -. -. - . . . .  
"stability limit." 

The power transmitted within a system can be illustrated with 
* * .  ,".--A - -.- the-aid of phasor diagrams. In Figure 1; the phasor 

-- representations of two generators are shown by El for one 
generator, and E2 for the other. The a, b and c represent each 
generator's 3-phase voltage. The length of each generator's 
phasor is determined by that generator's voltage. The 
displacement from the reference axis (8) is determined by the 
relative positions of each generator's field. 

Generator 2 1 I 
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I GENERATORS 1 AND 2 CONNECTED 
THROUGH AN IMPEDANCE "Z" 

Figure 2 

When the generators' voItages are unequal, reactive power will 
flow. When the generators' phase angles are unequal, in-phase 
or work producing power will flow. The power transferred 
between two machines can be caIculated using the equation 
below. 

I (1)  P o w e r  = rJ E 2 ~ ~ ~ e 1 ,  a : 

Where: El and E2 are the generator voltages -- 

Z is the total Impedance between generators 
e12 is the phase angle b e t w w  machines 

Once a system disturbance occurs, various sub-systems operate 
to maintain stability. One of these sub-systems is the 
automatic voltage regulator found on each generator. These 
voltage regulators are an integral part of the excitation systems 
of generators, and are designed to constantly monitor and adjust 
for variations in generator voItage. 

Another sub-system is a circuit incorporated into each 
generator's excitation system to provide proper sharing of 
reactive power among the generators in a system. This circuit 
is caIled a droop circuit, or compensation circuit, and is 
adjusted at the time of the initial start-up; it has no external 
controls or adjustments for Lhe generalor operator. 

Automatic relaying to remove any generator falling out of 
synchronism provides another means of preserving system . ._ ..> . .A "ii - 
stability. The automatic voltage regulator and the droop . ,% < ,. :, ., > 

. . ,  

ircuits are constantly adjusting generators to maintain system 
nor disturbances occur, The automatic 

a generator that has fallen out of 
s disturbances occur. 

. ,. . . -,:.;;- , ;:.?*.~:i,?, . .- ';,..;<,.?;$&: ,;.,.::~ :d ,~. , . ~ ~ ~ > i , b , : , ~ . ~ ; ~ :  : ;;i; 
. , . .  . .  . ,  ,+ . , , . ,  

: : "  . . - .  ,, 

. . . . , ,  , 
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System disturbances on large power grids may 
require more elaborate methods of maintaining 
stability. One such method is the dynamic breaking 
resistor used in the Bonneville Power 

. - - - -. Administration system in the, Pacific Northwest. _.- - - - - -  . -- - 
- ............... ,- . . . . . .  ...-..... This - resistance brake- (Figures- 3 & 4 )  consists. of - -  -. 

. . . Ad2.:.- 
............ . . . - . . .  --.. .... 

three breaking resistors are switched into the system 
as a unit for about one-half second when a 
disturbance occurs. During this one-half second, the 

- resistance brake absorbs excess - electrical 'energy" ' ' 

which helps to maintain system stability. 





GENERATOR LOADING 

Once a generator is synchronized to a system, it is ready to 
pick up a portion of h e  system load. This is called loading -- - -  -- - A_._rl ._  _ _ _ _ _ _  -- that generator. Load (power) is picked up.by* increasing he-- .,,,-.,-,,_--.. 

-- --- - - . - mechanical wwer that spins the generator's field (magnet) . - - - - - - - - - _ - - -  

generators' fields, and the speed cannot be changed. When the 
mechanical power is then increased, the generator increases its 
power output rather than increasing in speed. 

..-,.1 . .  ............. _-_._ ..... ... (," 

In's tu;bine.n;r3tor,a valve is oae-ried 
.'".'..-.-"..-'-. ..""'"'-."'"-, .. " "' . '  

more steam into the turbine in order to increase the output 
megawatts. In a hydroelectric unit, the amount of water 

. . . . . .  u, 4: ..-... : i.;.:.,:.:.. .:;,j ~,i;i..&~,.~:~-:. ; . - . .,.. flowing through the turbine is increased.. In a gas t ~ r b i n e - . - , , , , _ ; ; . - ~ ~ . ~ ~ ~ ~ ~ . ~ ~ - ~ ,  . - 
. . . . . . . . . . . . . . . . . .  .. ...-.... - - .  . . .  . . .  generator (also called combustion turb'me), the amount of fuel .-. -.-, .- .,.-. 

is increased. In each of these cases, the power output curve 
follows the mechanical power curve. (More steam, more water 
or more fuel results in more power; and conversely; less 
steam, Icss water or less fuel results in Iess power.) 

. . 
In all cases, the mechanical power is controlled by a switch 
called a governor switch (which control the amount of steam, 

. , . '  . . . . , . ,. . I  - . . . .  water,or fuel).. . . . . .  . . . , A  .. , , : .  .:< ee ,:*.'7,,is . :,. .L . . a I~J:,. d. ls_ .I  .... :.- -.. 
; ; :? ; ,<? 4 <%-, .-->- *& *s 2:; 

" "  . - . , , %*,. ;. .*., ..... .. - . - . . , q 5-3.;seij;d3.e$&#~~~@~~a@p& 
-7,e7,. , 1.: -* ' . '~:?,,.i4.c..$ i; - . 

, , 

, .-.' In~igure  1; a govemor switch is shown next to !:'"$.. ..ww.. ,,,'3J, . ,..'+',,"1 ,. ?',*<i>.f.i 'fi Vix.',, .? I * , .  C;. P' WF'lNli. ,, ,. 

i; " $~;,the''o~~:~;~&~~*;,$"'~:t$Q~&~~&g,~ . ,, 

I h h a n i c a l  power to'rhe t u r ~ e  &cras&:The . .' wattmeter continues to increase as long as the s 
..- 

, , raise position, until the generators reaches its maximum , :  , . 
, , , , , . .  output. Moving the switch to the lower position decreases the:,  ..*..... ;: : ,,,,,. ! . .  : . '  - I  ' 

. .  j . r , , , : . ,  . output. By moving the switch to the raise position when loads 
increase, and to the Iower position when loads decrease, the ' ' I ';# " 8 ,  ,,,,' 

generator output foUows the load. 

Governor Control Generator Power Output 





LOAD SHEDDING 

Loads can be decreased when an electrical system becomes 
overloaded (whcn the load exceeds the generation). Load 

~ ---.--- - -..- ---.--.---- -.--- -.-.- - shedding. .is.,-a. systematic- procedurs-for decreasing. or -.-.----- . - -_ . - - - - - -  . , 

__.--.---,- ~Ais~nnecting selecgd J~pads.Jhe_ puwqse o_f_lead shedding is.- ...... . .  

--"--+-- -.-- ------- .--..*- load shedding is normally done when there is a relatively long - - -- -- -- ----- - ---- - 

time before the total generation will be exceeded by the total 
load. One example of this would be a generating plant 
experiencing a problem that would prevent it from producing 
full output when it was needed an hour later. Another example ............. *..-.. ..A. 

- would be a load that was higher than the forecast, with the ' * - - - - . *- 

daily peak load yet to occur, and the utility not being able to 
produce or purchase the generation to meet the Ioad. With . .  , _,,-. . -  _, - - A L . s . _ v _  .-,,. ..-manual load shedding, the system operators operate a switch - =-.- --z 

that opens a circuit breaker, thereby dropping the load on that 
circuit breaker. A good load shedding plan not only identifies 
which circuit breakers to open, and in what sequence, it also 
gives the criteria under which each circuit breaker shouId be 
open, The identification of which circuit breakers to open is 
based on how the particular utility assigns priorities to its 
customers. Hospitals, for example, are a high priority for all 
utilities and would be one of the last loads to be disconnected. 
For some utilities, residential customers are a low priority q d  

&i$'&$ &## o n b l o f & f i i s ( ~ ~ n n e ~ ~ ~ ~ q ~ i t i k & j !  2 $$$### 

! \; : . . .  . . . . . . .  .. i.:. 
, , . , . * ; , :  

. . . .  
. , ' . . .. ,. . , ,,;:;.', :.! . , : :  , ,- ,:., : customers in the same priority class. For example, assume a . , . , , , , . i '  

utility places residentiat customers in the lowest priority and 
., .:.a . ; . . . .  .~,.*,,.;-, 4 .  . .  ' I ,  that the town or city is divided into northeast, southeast. 

southwest and northwest quadrants. A manual Ioad shedding 
plan might call for the northeast section to be disconnected for 
the first 15 minutes every hour, the southeast to be 
disconnected for the next 15 minutes, then the southwest. and 

, finally the northwest. This is calIed a rolling blackout. 

The ideal procedure for Ioad shedding requires a load shedding 
plan to be implemented at the time a system is constructed, or 
at the time one is modified. This is because loads can then be 
best allocated to the various circuit breakers based on the * ,  

j _ . _. . , -. assigned priorities for disconnecting. This would prevent an -:- .. '.., !.. . . . .  .* - - - - : ~ -  ,. ;d: 

. .  ................ .. . . . . . .  ......... ............ .-...- . ..,- '--- .---.. 4. -.---.-. -.... - .........- . , __ _,.*lr_,__. .___.-.. .- ....-...._.-..- -*..__.̂ --- ,*.~., * 
, , . ,  . , ~. . , , , 

, . 
, . , . +  . - . ,, , 

. . . .  .. ... . . .  ,, . . .  *&k.. . ., ....I.. ..+. .-.--I. --,-,. ... &.., ....... , ( ... . . -  ., 0 Professional Training Systems, Inc 2007 - . - - ,  ,. 
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relays opcn circuit breakers to disconnect the loads. The 
underfrequency limit varies from utility to utility, with i t  
normally being around 59 hertz. For example, h e  Los Angelcs 
Department of Water and Power (scwes all of Los Angeles) 
begins load shedding at 59.1 hertz; Sunflower EIectric 
Cooperative, a modem generating and transmission utility in 
south western Kansas beg~ns load shedding at 58.8 hertz. 

VL.2 -.7.*.m 2 ,  , - . ->. A . - - A J & _ _ _ _ f i  -<. .-- 
~itbrnatic load shedding, just as with manual load shedding, 

- 

has a systematic plan to disconnect load based on a priority 
system. Unlike manual load shedding, an auto~natic load 
shedding plan normally does not call for switching the outage 
among the customers. It does, howevcr, have a plan for 
reconnecting the loads in a specific sequence. 

Figure 1 shows a portion of a typical electrical system used for 
aulomatic load shedding. When the load exceeds generation to 
the extent that the generators slow down to the first 
underfrequency setting of 59.3 hertz, the circuit breaker serving 
the least critical load opcns and disconnects this load. If the 
frequency stops dropping, the next circuit breaker will not 
opcn. If, however, there is still too much load and the 
frequency drops to the next underfrequency setting of 59.1 
hertz, the next circuit breaker opens. This sequence continues 
until the generation matches h e  load and the frequency stops 
dropping, or until all of the loads are disconnecled. 

. , 
i$fj*:i& , , 

#q$ . ., 

59.3 59.1 58.9 58.7 58.5 58.15 Hertz 

Least - Most 
Critical Critical 

3 - , , LOAD SHEDDING CIRCUIT BREAKERS + .  ,: i&& .; . 
$4, +4 1L&s%i.!*s2-rt;j 5 , r 
.by:;," '+*? :-Tg?sr: 
< * 

Figure 1 
. , f 7 $  % &  
,-' :':" . 

A Brownout is a method of shedding load without actually 
&&,+$?@&&disconnecting loads. In a brownout, ;he utility (or utilities) 
@$9~A~$~~reduce  the system voltage. In the power equation (Power = 

ir E $ E ~  / R) it can be scen that the power consumption decreases at$ 
, ' F  ' 3  

the square of [he volhge for resistive loads. For example; 
i s  r when 120 volts is reduced to 100 volts (83.3% of 120 volts) , '" s .* . . .ti: :a + , J ~ F  

-a"! - -2- . , ,  
thc power consumption is 69.4% of the original level. (The 

+ + + + + + + + + + + + +  
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SYNCHRONOUS CONDENSERS 

The synchronous condenser is the largest and most 
expensive of the power-factor-correcting devices. Because 
of their initial costs and high maintenance cost, they are 

. . .-.--- .,-- .-----.--,.- -.,-,,--.- used..primarily by- electric utilities,- a n d n o t  by.. industrial . . - ,  - .-,- ---. ---.- 

customersi . . . - .  --------.- . . . . . . . . . . . . .  . . . .  ... >...-. . .  - - 
t. ..... L,.:.+&- . ~ .  ................ 

. .m. - 
---...- -.L L ---- ---.--., -.-. _-A. synchronous .condenser- is :. essentiall$~&non7wkrk-_-L..~ ,.-.. ::LA-'-. 1,-. . .  

producing synchronous motor. It can supply both 
capacitive and inductive reactive power. The reactive 
power supplied is controlled by controlling the excitation 

---. current of the-condenser. Lowering the excitation current -__-.__, -,-----r--..--.--- -.- ................ . . . . . . .  
causes the condenser to act like a shunt reactor; raising the 
excitation current causes it to act like a capacitor. 

..-- :---&&..: ;7z. - ~ * ~ , ~ , > - - . - & ~ . ~ - * z . ~ ~ ; ~ ~ d ~ - A ! ;  -*A, -"2;, -* ,.-,Ta,: ,, - .,, , ~.,, ::*LC : , . ,~ -..,, ,- -..r,.< 2--7,  xzz-. 

,- -. .... <,.- ,.-. ......... -. . . . . . . . .  - - . . .  . . . .  Unlike capacitors and reactors that add reactive powe 

., . 
discrete blocks, synchronous condensers gradually a 

. . . . * # . . . . . . . . . . . .  .. ' - I. :. ,.. -. . . reactive power. The reactive blocks of power, 
. . , .  ,. ' , '. 

~. 
capacitors results in voltage instantaneously 

c:, :: - : . . . . . . . . . . .  . . 
. . .  . . . . . .  . . - dropping. This can cause major';.problems for:,,ce, 

customers such as steel mills Gith induction-hkitin 
furnaces. Synchronous condensers do not cause these 



*. 
.rT Courtesy: Bonneville Power ~dministratibn *.RS 

SYNCHRONOUS CONDENSER ./I 



DEMAND CURVES 

Demand, also called load, is usually measured in watts, 
kilowatts or megawatts. In order to have adequate 
generation for the load, utilities use demand curves (also 

,- .-.----.~.---..,.-.-.- .. -. ..... --..- ....... Ealled load.-curyes).to predict load. Demand curves. have_ -*--.--_, ., - - .- - - . . . . . .  

. . .  _-.-------.----..--_the . . . . .  demand (load) on  the-y-axis, and time on thex-axis .,--- ____...-.-__--_..-7 .. -~ 
uyl-elcirrrr 
-z.,;:~2zr;aS, 

........ ........... 

generation requirements on an hour-by-hour basis. . .). . . ,  

This allows the utility to plan its generation 
requirements (Figure 2). In Figure 2, generators 1 . , 

through 4 would provide necessary generation from 
approximately 10:OO p.m. until 6:00 a.m. Between 
6:00 a.m. and 10:OO p.m., generator 5 would provide 

. , the necessary generation. 

Gclicl.otor No.  4 Ilctl~~ccs Ils 
Out1)11t I)ul.illg 'rllcse Pcriods 

(Lood.l:ollowil~g Unit )  

.- .. 7. .-.-- ------ 7" .  -+ .---* -..--..- *.  - ? -- . ,& -.*- - . -- --- --"--.? -r- - - --..-- - ---. .- .-. - --r-- --.,."..--- - 
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The shape of the demand curve for any day, such as for a 
Wednesday, varies very little from week to the next. 
Therefore, the demand curve from the previous 
Wednesday can used to forecast the demand for the 
following Wednesday. Any difference in weather 
between the two Wednesdays will be used to adjust the 

- L ---, k.*&'Lh.. . - ,%A"*->** - ... - %  =4*. :-% 
J L  . - - .* . , .-- . *. - * . forecast for the coming Wednesday.-Many utiliti~alg-.+ 

use the Wednesday demand curve from a year ago, to 
help forecast the coming Wednesday's curve; if the year- 
ago curve and the week-ago curve have the same shape, 
this reinforces the likelihood that the week-ago curve is a 
good predictive tool. In additional to using week-ago 
and year-ago demand curves to forecast daily demand, 
special events must be factored into the forecast. Special 
events could include holidays, large customers coming 
back after a maintenance period, large customers 
disconnecting from the system for maintenance, and a 
grand opening for a large shopping mall. 

A daily demand curve also allows a utility to plan its 
daily sales. This is shown in Figure 3. The shaded area 
shows the generation that is available for sale. Some of 

. . ,., . , I + : , . '  
the output from generator 4 would be available for sale 
between'10:00 p.m. and 6:00 a.m. All 

.. . . 
;y:;;;:, ~.:,;,; < + < >  ,. :~,".;;'k,:qi.,. ,+, * :  . :,, I '  ' gege;?t9$5,, :yog$!:e ;$,,!g$?!5$g 4 ...,. i , . ,<klj  , , .. ! ,$:/L$.+/;.';~ . i%?:.F.*,,; >..*I.;+ 
$>%.,!,:i;!$( ,!, ,,, .:.,z2, - y -  . ., . A;!,. bodion bf : ;  g e n e r ~ t o i y , . 5 , g ; ~ ~ ~ ~  

available between 6:00 a h .  and 10: 
the peak period at 6:00 p.m. . . .  

.f I.0 (;cncr.aior S O .  4 

II  O S 5 t  
(;c~tcr.;rlor No. 3 

I 
MEGAWATTS 

( IOOO'S) 
I 

DAILY DEMAND CURVE FOR 
SCHEDULING GENERATION SALES 

* + > *  k:;?$ 
4." ?.t .,A 
fr h, . .--+. Figure 3 2 - *- , .<#qy> : 1 ". *\L: ' $$&,J?', " y .  ":,>:f"*. , <;,$%~#$,d rbJk2:f&l , " " ' I '  si' I 

/ " 
I The demand curve is used to forecast the deman 

power; it is however, only a forecast and utilities 

I maintain standby generation (extra generation) to meet 
sudden unforeseen increases in load. This standby 

I generation is also used to replace lost generation when------ - - . 1 E196-2 

C;ertcratol- No. 3 



an operating generator suddenly decreases its output. 
When this extra generation is running and connected to 
the system, it is called spinning reserve. 

Some of a utility's spinning reserve is usually 
............. --I-----.--.-.-. ..... contractually--required . in-- order . to- help . maintain a---- ------.-- - 

... - -- .---..----.--- system's - reliability--when - --generators-- suddenly-:----------:- . . . . .  
- - 

2 i . . .  .. . . . . . .  
__-;I--- l)PYU 
. . .  ---. --,.- . . ...-.. ..- -----.--..-.---reliability is usually-in- the -range- of 5% to--7%-of- a---- .....-...-. ------ 

utility's total generation. Any spinning reserve above the 
contractually required 5% to7% is used to when the 
actual load is greater than the available generation. A 

... - . . .  " . .  ... ............. . . . . . . . . . . . .  ". .".-- .---- demand curve with spinning reserve is shown in Figure ,.-...... .....-.- ,..... . . . . .  . . . . .  

4. 

DAILY DEAMND CURVE WITH 
SPINNING RESERVE 

Figure 4 



( ; c ~ ~ i - r ~ r l o r s  So. 5 ~t b 1; s c c b s  
011tp111 SI)III l111rir1~ 'rt~tse l'criotls 

( 1  I' l + : i - o ~ ~ o ~ ~ ~ i c ; ~ l l y  II(IY:IIII I I E Q ~ I I I ~ )  

(:ilirr:~lor No. 0 O L I ~ ~ I I I (  :I'o h l c t l  
S pi1111i11g ltch\(,rvc ltcq I I I ~ C I I I ~ I I ~  
(Or 1'11rcI1:1~ed (:rrtcrstion If 

1 Generator No. 1 

A "': 
1 
12 3 6 a m  9 12 3 6pm 9 12 

T l M E  + 

Gcncrator No. 2 

DAILY DEAMND CURVE WITH SPINNING 
RESERVE FOR GENERATION SCHEDULING 

1 Figure 5 
, p 2~ .s&&&$k4 * , ~ ~ : d ~ @ # b ~ @ @ ~ $ d j j +  q . 

An annual demand curve (Figure 6) is used for long-range 
. . 

,purchase of gener?lioy..:~l~~&; : , .;;&+ji;;; , . ., .:, ;;;3,; .,;; '..'. k . +&>i/,; ..;i/:; . , . . . . . . . . . . . . - . 
have to purchase genkSation from. .. _, - . . , ,,..' I 

I late November (or early December) until late March (or 
early April), and then again during July and August. 

An annual demand curve is also used to schedule 
maintenance outages of a utility's generation and 
transmission systems. During the month of May, for 
example, generator 6 and any four other generators can 
provide the necessary output. This would allow maintenance 
on the remaining generator during this period, without 
having to purchase additional generation. 

If Utility Only 113s Sir ( ; c r ~ c r ; l l c ~ r s ,  
(;c~trmtirll~ I'ul-clr:~seri Dur'inr 'l'l~cse I'eriotls 

1 - 5 5  

No. 5 

Generator No. 2 

I:cl, .\l;:r A[,r hl;~y .IIIII .\ill ,\LIP Scp Or1 N ~ I I  I)CI: 
T l M E  + 

ANNUAL DEMAND CURVE 
- -. 

Figure 6 
++++++++++++++++++ 



DEMAND FACTOR (LOAD FACTOR) 

Demand factor (also called load factor) is a measure of 
the ratio between the total energy that would be 

....................................................... required if thedemand-was.constant. at the peak.value, ._--_,. ...-.---.-.,~---_-, ..... 

. -- ............... and t h c  actual.. energy-. being-.used,--This.-ratio-..is ----. ..... 
. . . . .  . . . , . . -. - --. 

. . . . . . . . . .  

.... "-- -... 

hours. 

......- .... .....,.-. .... .-,. , ... . . . . . . . . . .  For example, assume - .  - that . a utility system . . . .  generated -.-.. ......... a 
.--*m-4-.... -." ,--...-.. .,-..., ..... ,.,"" . 

total of 24,000 megawatt-hours-'in a 24 hour period, 
and the peak demand in the same 24-hour period was 

..- . . . . . . .  ., 
*,".a.s ...-......- ..v.z...... - ~ - - .  2,000, megawatts. .The demand .factor would,- b_e_ *-, . . . . . . . . .  .......... ............ . . . . .  ...-. v...- ........ .* . .  .",- .......... "~ -&  -,.. --. -sGzs&~:;-~'; . : , :~-, .  ...... 

calculated as 'follows. . . . . .  . . . . . . . . . .  .. ---.. . . .  

(2) 
- - 24,000 MWH 

.-??~* . ,"?$&~~:.:;,.~:*,~.~ ;>2,> , .  -<.: .* . i . : . : ,  ?><" -: , ., 
, . .: :>%:.$>;; !&$$ :,$j;;&;;,2.?000 .q;.7?;,?4*pi::;;:;. ' I  .I . : - :>;;.: : : ,.* ..: .*: , . '.:,;?". :, a . 

Figure 1 shows a graphical representation of the 
relationships expressed in Equation 1. 

-..- . .......... . .  ....................... ... 0 Professional Training Systems, Inc. 2007 "-*' - " - -  - , - 
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The demand factor can also be calculated by 
dividing the average demand by the peak demand. 
This is shown in Equations 5 through 7. 

Average Demand 
( 5 )  Demand factor = - 

. . . , - . , 4 ,  - -  - -  .. + . - - - Peak Demand *. . - . , " .  .. p z -  - >  

. . . - - -* b ..L.-.,-, ",.. . - t,- 

Equation 5 is derived from Equation 1 by dividing 
the numerator and denominator by the time. In the 
example, the 24,000 megawatt-hours (the actual 
energy consumed) would be divided by 24 hours 
resulting in 1,000 average megawatts as shown in 
Equation 6. (To look at it another way, during the 
24-hour period, the average demand was 1,000 

. , megawatts.) , ; *.,,y , -<,,, r L .  h ,? . . ;,~; , !, , ,' A, ,.,"( iz ' ,c 3 *<*-k*$plaptI y$ r4/% ?Ti! , . ~ 4 ~ 1 1  

3,r1J$!L9 ; ,,+ - ,  + 8 +I: . ,-  Y; 
cL2.' ; , it; ,P . - ',.L / ,,,$ .9$k$'bL :%I;&* 4, ,$\$*>;#;~. ' 4: !!- %; *,w ? r ~  qfi, 

Dividing the denomin 
gives the peak demand. The 48,000 megawatt-hours 
divided by 24 hours gives 2,000 megawatts which 
was the peak demand. This is also shown in 
Equation 6. 

The ideal demand factor is one. This occurs when 
the energy consumption is constant with no peaks 
and valleys on the demand curve. As the demand 
factor moves towards zero, it becomes worse 
because it means the peaks and valleys on the 
demand curve are more pronounced. This results in 
a utility having to build generation plants whose 
output the utility may be able to use only part of the 
time (unless the excess generation can be sold), or 
the utility has to buy energy on the spot market to ~ 
meet the generation needs during the peaks. Either 
of these alternatives can be very expensive. 



DEMAND CHARGES 

Users of electrical energy can have demand charges that 
can rapidly increase or decrease. This can result in the 

.. ..-............. .-.-.~.---. .-.. -... -.,...-. supplying. utility.hav,ing.to-,yapidly increase .or. decrease __-,,---_.---. ,-. ..... . . 
. . . . . . . . . . .  .. its..generation in response. to. these changes,, orhaxingJo --- , . 

. -. . - . .- . . 
.. 

. . . . . . .  ............ 

Figure 1 shows a period of time in for an early-morning 
increase in energy usage. At its peak, between 7:00 a.m. 
and 7:25 p.m., it takes six generators to meet customer -.- ....... -..-.,----- ..,.. ."l"l,.-PI ... ..,., . . .  . . . . . . . . .  . . . . . . . . .  .-- ._- __."_.. ..l.l,.r-.. *- --..-.... . . . . . . .  

demand. Generator 6 runs for only 15 minutes and then 
shuts down. If generator 6 is a gas turbine, it burns a lot 

, - . - . . . .  -- ...... - -.. .... -- .... . .. . ............, . . . .  .,.,- -<~-.,.-- ---. - .. -:51-.r; -?=--- .. - ' .... of . .  costly. fuel, ........ and ...... it . 

also increases generator- _ . ~ . ~ ~ ;  -- 
<-... .* ,*. .,, ..,..-: > ..- .* *.,. -, ..-A...&. ..,*.--* ~- ...4.-.*. A~.. -..-..- -.-,*.,-...- . . 

. . .  .. , . . maintenance costs., , ,. . , . . . . . . . . . .  --.. ... --- .................. -.-.,... . . . .  
. . 

I Gen 4 I <, 
* < 

- &  I" _- 

DEMAND CURVE WITH 
ALLOCATEDGENERATORS 

Figure 1 

Demand charges can be used to encourage customers to 
stop the practice of using large amounts of energy in a 

-- . .. ?...... ..,..-... ...- . -. -+-%.. ..... i--..--------- ,,,--...."-.- - ---.-- --- - - O Professional Training Systems, Inc. 2007 ---- - 
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...... YJu-i.- - a., .MI ,*,a ur"d *I--m"*lliu "...... --.. 
,- -- .. - i- ...... ...... ',-. .- - 

- 

I I 
I I 

7:00 am 7:15 am 
Time -* 

DEMAND CURVE 
WITH 15-MINUTE DEMAND 

Figure 2 

Many utilities will ratchet the demand charge over a 12- 
month period. This would mean, using the same 

. . . .  examplei e that the demand cha 
eciitive @onths . could .&, . , ,  not gq 
inimum 'of $120,000' for the 

. . , .  
, ., example, a customer having a Janua 

$10,000 based on a peak demand occurring on January 1 
3,  after a Christmas shutdown, would pay $10,000 each 
month through and including December. This would 
result in a total of $120,000 in demand charges for the 
12-month period. Demand charges during the 12-month 
ratchet period cannot go lower, but they can go higher. 

If on March 20 the customer demand charges are 
$20,000, a new 12-month ratchet begins; for the 12 
months beginning with March and ending with February, 
the customer would pay $20,000 each month for a total 
of $24,000 during the 12-month period. 

Many utilities also have coincident and non-coincident 
demand charges. Coincident and non-coincident refer to 
how a customer's demand curve compares to the 
supplying utility's demand curve. Coincident means that 
the customer's demand peaks at the same time as the %>;,,j,.- -5.. $&A A 2% - 

'3 * ' -  * supplying utility reaches its peak demand. Non- up -;' . , "  

/ !. 

coincident demand means that the customer's peak 
demand occurs when the supplying utility's sy 

7 t 

Iz&2d,,, Tt.,qti,v ,,. 14 .. I .  . operating in an off-peak mode. 
.AT, b r  .'-. > * 

: ..... 



Figure 3 shows a supplying utility's demand curve with 
both coincident and non-coincident demand curves 
shown. At 7:00 a.m. there is a significant amount of 
generation available and so the customer's demand at 
7 : O O  a.m. is non-coincident. -.At . 4:00 . p.m.. .. extra -----.--,-.-.7---.--.-..-.-... ......... * ....... --.-,- . ---,.-.-.. .. ?"-..-.-. --...--. .--.... * . - -..-. ..... 

- . ........ genera30.n~-is..- scarce_ (and- therefore-. more costly to .- 

I - Customer B peak demand 

Customer A peak demand --- < -,.. 
-at 7:00 a.m. " 

'- - *  

Gen 5 

Gen 4 

Gen 2 

Gen 1 

Time - 
SYSTEM DEMAND CURVE WITH COINCIDENT '" - .  

1 

1 0 ,  

Demand 'charges are usually veIy controllable by a 
customer. Demand can often be decreased by simply 
changing work patterns in a facility. Schedules can be 
used identifying the sequence and timing of equipment 
being turned on and off. Audible alarms, when high- 
demand thresholds are being approached, can signal 
operators to turn off certain equipment. 



When demand controllers are installed in existing 
facilities, the labor costs to properly isolate the necessary 
circuits can be significant, thus lengthening the payback 
period. 

The design engineer will attempt to design the system so 
. . .  -- ... _;_ _ .  ~ .....,.. .-..., :. -.- ~A---,~.~~-~l.rY~~.urarurar~-..~~rib..that.i- the ... demand .. controller . controls-- circ~its-~w$h-, :. :-:,:-- I : ,-:: 7 - 7 : . ,  ~,,< :,,r :r; ?,=:;;;,,;.,.;, --;:::;i:: ,;::*-&-;.?',::,~';: ,.' - . -  i . . , r  r.i.i.i" .-,.. ,....- . , .  

. . minimui imhact on operations; but it may take i G t l i i  
to fine tune the demand controller once the facility is 
operating. Even with significant labor costs when 
installed in an existing facility, demand controllers can 
have a relatively short payback period. They function 
invisibly, relative to operations, as they minimize 
demand charges. 

Turn off 
at any 
time but 
not more 
than 30 n 

. .. , minutes 
s.../< , I .  ,, ;" . . .. . .:'L,.~2p, .. "':)ij+ ' 

5 ,p:y /,''\ itl,.,; l!,i, :~?:2j,fii>Y$,!. ..,. ,(. 1;:i i,l& 

Demand Controller 

WALK-IN 
FFEEzEn 
Turn off 
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time but 
not more 
thanll 80,d 
,rii- Ll 

$'!;$:!!& > .  

SUMP 
PUMP 
Turn off 
at any 
time but 
not more 
than 120 
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minimum 
of 30 min. 
when re- 
c t n r ~ d  

AUXlLLlARY 
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GRINDING 
Turn off 
at any 
time but 
not more 
than  SO.^,<, 
rni;lttes 

I Circuit A Circuit B Circuit C Circuit D I 
SAMPLE DEMAND CONTROLLER 

WITH PROGRAMMING 

Figure 4 



TIME-OF-USE PRICING 

Utilities must meet their peak demand with an equivalent 
amount of generation. This peaking generation is 
normally the most expensive generation. If a utility can 

...- . -. . .  ._.--._.-.-- -- get its. cus_tpme.~s_to re~~_~e . . en_e~g~-~ol?sum~t i_~~d_u_@g g g g g g g g .  -. ..>...".. . . .  

~ - - ~_ the.--peak-- pe,riods,-lessof_the--e.xp_e~sivepk!ng ~ - 

-.---.- --.-- . ........ ..-...... ....... A-i.tili @,$- abilib-.t.E-r-e-d fi-ce. . .-.---.---... . . .  -efikfg7. .c.6 ~ cGfip ti6n...dGri Kg 
. . peak periods can result in savings from as simple as not 

having to purchase peaking generation to not having to 
build and operate costly peaking generators, such as gas- 

.-.-. ...... ..................................... ... turbine (a]so combustion-turbine) generators. --- - .... + .-- , . . - -  

Time-of-use pricing (also called time-of-day pricing 
- +  . . .  - - . .... iwhen applied to a 24-hour day) allows a utility to charge4 ..... -,; ..,-., -2 = z :  A%".--? - .  

less for energy used during off-peak- periods, and to - - . -. -- - - - 

charge more for energy used during peak periods. This 
price differential can, be a major incentive- to shift _ - .: t,., ,- 

energy-usage patterns, particularly for customers with 
high energy bills. Time-of-use pricing requires a two- 
part watt-hour meter that totals the energy used during 
off-peak periods, and also totals energy used during peak 

.:@gp. periods. This is called time-of-use (or time-of-day) .... 

. -. States and Canada is much more common for non- 
residential customers. As electrical load continues to 
grow, however, and utilities experience longer and 
longer lead times in siting and building generating 
facilities, time-of-use pricing for all classes of customers 
will become more common. 

-.--.--i.. ..... -.__ __.__ _._. ...-.... .................. .- ..... . . . . . . . . . . . . . . . . . . . .  I .  :_ ............ . . .  - . . a ,- ,.,-,..+., -... +. -,-------.. "i",. -..- -.-..-- *." ---..- 
. . .... . , 

. . '  . . ,  . ., 
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PUMPED STORAGE 
Utilities use the most cost-effective generation to meet - 
their demand. For peak-demand periods, this is often 
purchased generation. In some cases, fossil-fuel-fired 

,.--. ..---.-- generators are used for peaking, and in other cases _ _  .-.......__...... ......-....... __.-- __L ..- --.-. --.-. -.. ... . . 

hydroelectric' gen&tors'-are--used. In some ~nstances, . . . . . . . . . . . .  ... - . - .. .- - .. .. - -- . .- .... - -. -- ...... ... .. . . . .  - .... ----- 
- -  - .--. -. . 

--. .-" *.-... .-. ...-..--.A --.. ....-.. ..... .. .. .......... .. ............ -. .... ---.------.-. .. 
generator as a motbr td'$ump waterto the 
dam. This water is allowed to run through the turbine- - 
generators during peak-demand periods to produce 
power at the times it is needed. This operation is called 

...... I ,_... ,__ -.,-I.." . -..--.. ._...........I...1................. pumped storage. . . .  -.-"..". .......... ..-. . . . . . . . . . . . . .  .......'.-..- "-...--..-.------" ...... -.-.v--.-.-.. 

Pumped storage becomes economically viable when 

-,.diL,.,L...z.: ....... ...,---, .... ....... ..-.. ..-%" .-..... ....-- --- .---... . there . . . . . . .  i ~ - ~ a ~ l a r g e  . . . . . .  differential *. ............................... in price between ,-.. off-peak ., .... _,,,,,,G_.Ga1ar7- ti ~,,. , 

., . ............... ... . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  power and on-peak power. Usually the .  greatest". .", -. "..-. -. 

differential occurs when a utility can operate nuclear or 
. . . . . . . . . . . . . ~ . -  large coal-fired generators at night, and gas turbines.:: , ., . . ., .. . . . . . . . . . . . .  

. . 
. . . . .  during the day. . . .  . . . . . .  . . . .  , .  

.- > . . . . .  . .  ....>,..... .:..: a .,,i.. 'L ; 
Figure i shows a daily demand curve for a hydroelectric: , , ..;, '.;:!:::' ::j-. . '.'. . . 

, . .>..,. ,-, ,. 2 .*. ' . . system that uses the Output from generator 4 to provide''" ' 
. ". 

., . :.. ,..,. :. 1 . . :t ..I,. .; 

.:.. 
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I and through the turbines. 

HYDROELECTRIC PUMPED STORAGE 
WITH TRADITIONAL DESIGN 

Figure 2 

This design eliminates fish and other environmental 
concerns because it is a closed system. 

HYDROELECTRIC PUMPED STORAGE 
WITH MODERN DESIGN 

Figure 3 

Another type of pumped storage requires no water. It is 
/ _  ' _  

called Compressed Air Energy Storage or CAES. Off- ', I, $ .* ? *  rzr 

, ' ;;@gi$.." , 2,. peak power is used to run large compressors that j 7  - 
. . ,. ,L.p dt- . -a$v , . compress air into natural caverns. The compressed air is 

z+ u , 3 ,  .:then stored until peaking generation is needed the n 
"-: , - .=. , vlil I ,. , &~,,&J.T& ,,.dl J, k . J::,;?;:~ *"day. The compressed air is then released to ispi J I ~ .  p . 

> 
, 

turbine-generator, thus providing the necessary pe 
generation. The first compressed-air-energy-storage 
system in the United States began commercial operation 
on May 31, 1999. It is located in McIntosh, Alabama, 
and is owned by Alabama Electric Cooperative. _- . _I_l- .,..* -_  .+._-__. .....___ -_ _ _  



TRANSMISSION INTERTIES 

Transmission interties are the transmission lines and associated 
equipment that tie together different utilities' systems. One 
such intertie is the Pennsylvania-New Jersey-Maryland (PJM) 

-: - ......-...........- - -= -  .... 7*.--..... . -.- . ---. Intertic.-' Anolher'.'is the ..'..interti e.' .connects- Southern . - ----- --- .- ------.- .-.- . . - . -. - 

..---------.--. -..-.--. . . . . . . .  ... 
3 Califmk and the Pacific - -- "-... >. . . . . . .  < . . .  . .  . . . , ,. 

.. < ,. . , . . . -.- - -_) --__.-_ _ . ... . . . .  . . . . . . . .  The purpose of-. interties is, to. allow.. one- utility's unused -. -.--.. ..-- : 
capacity to supply another utility's ioad. This 

results in cost benefits to both the generating and purchasing 
utilities. It is a cost benefit to the generating utility when that 
utility can sell its unused generation, thereby bringing in extra 

.................. - ........ . revenues. It is a cost benefit to the purchasing utility when . - - -- > - -  - 
that utility does not have to build additional generating plants. 

The operators of the PJM intertie monitor both load, and cost 
>.&.,L:ar7i-r;:; ':i:.e7.-z-;PZli'<L.f 

erstion. fdr e.ach.:gkkrator .in th'&. system:. This <-.. ' 

. that the power being generated is the cheapest possible. - * 

Temperatures and humidity are forecasted hourly in order to 
project demand. The total load projection for the system is 
then adjusted to allow for errors in the forecast, and to allow 

, > ,  , for the worst eIectrical accident statistically likely in a 10-year " 

period. Enough generators are then called upon to provide this 
leveI of power. 

.~- ~- .~ , . 
, ,. , '  , . .  , , , ,,: ' ; i. - Southern California with its mild winters and relatively light , <. 

. . . . .  ., , . ,  i .. 
' loads, to the Pacific Northwest for its heating loads. The same 

;, i.., . .  .i. ,.,i .l,, 1 . .  : ii.:~::': ....... ,'., . .i . ,, seasonal exchange is possible between any two areas that have 
: this seasonal difference. 

Any time there is an exchange of power over an intertie 
system, the power-sales contract between the generating and 

. . . . ,  .. purchasing utilities must include the intertie costs. These 
. . ? ' i costs, called wheeling costs, are charged by the utility (or 

. . .  . . 1 '  ' utilities) that own the transmission lines over which the power 
. must flow. These wheeling costs are analogous to the toll cost 

' paid by motorists using a toll bridge or toll road. 
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A classic example of loop flow is illuslra~cd in a silualion in 
the western States. Power which should flow bctwecn Idaho 
and Oregon-Washington, instead flows through California, 
Arizona, Colorado and Wyoming (Figurc 1). 
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WlND POWER GENERATION 

Figure 1 and 2 are photographs of a large-scale wind- 
powered generation project undertaken in the 1970's and 
1980's at a site near Goldendale, Washington. President 

- - . - - - .  Ronald Reagan mandated they be dismantle even though 
the Bonneville Power Administration offered to stop - --- - ------ - - 

sites, provided the knowledge that has allowed wind 
generators to advance to where they are now 
commercially viable. Figures 3 and 4 show portions of a 

.... . . .  large wind farm . . . . . . . . . . . . . . . .  near Mohave, -.. .... California. ,--.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ...... 

. . . . . . . . . . . . .  .- ........... ̂  . . . . . . .  ._ - _. - .__. . .. ,.,--., _._____ ... _-. .......... _ ~ _  Figure 1 .- ................. ............... -. -... . .  .-,-.. . 

O Professional Training Systems, Inc. 2007 

E214-1 . . .  . . . .  -.&- .................... .. , . . ,. . . 









Index  
Current  

Alternaling Current Relalionship to voltage in capacitive. circuit - 
Abbreviation - E104-1 E121-2, 122-2,-4 
Changing to DC - E134-2 

--. --..---. 
Relationship to voltage in inductive circuit - 

Dbfin'itib.n.--;- ~ 1 0 4 -  1 - -  ----...".. .-7.--L--..-- - --.----.. .------.-, .......-.................. .....-......-.-.---..-.,-..... -. . . . . . . .  
E121-1 122-1,-3 

- , Autotransformer - E 147-1 ,-2,-3.-4, El 54-1 . . .  Current Transformers E126-4 to -7 
BCT (see bushing current transformer) Cycles (see frequency) 
Brownout - E189-2 Demand - E118-1 

......... .......... Bus ........................ ............... ............................................ ........... .... .-: ...-. ..-., - , ---. ..-.Demand Charges. -_ E 197-3 ,.., -4,,-5,. ..:6 ...-.-- Photograph of - E l  11-3,-4 Demand Controllers - E 197-5 ,-6 
Tubular - E l l l - 1  Demand (Load) Curves 
Rectangular - El  11- 1 

2" 1T2ax- ?'-gui.-d&..t=~ lji 
>" ,.".7.:, 7.2 ,,,,,,; , .  ;..,."< -.... Annual, E l?:f! ,,-; .,,.,- -- ...... .: .... .,- -..-. & - "-&.-,= - 

Daily - E196-1,-2.-3 . .  . . . -  . . . . . .  . . . . . . .   hi^^^ "Z-' E125-1,-2,-3,-4;' E127-3,-.$,-5 ., ' 

~ , .  .,.,. . . . . .  .-. ........ For demand charges - E197-3,-4-5 
Bushing Current Transformcrs - E127-3-12 

. ., . . 
Load factor calculation - E197-1 

~. =- , .  
- '  . Capacitive. ." Circuit - - El 21-1,-2 . :. ' .  . . pumped - ~ 1 9 9 - 1  . .---,: .,,. ,.. Cr. - .  -" " . . 

' .  

. .  .. ... . .  : Capacitive' . . . . . . . . . .  Reactance E122-8.-9,-10 :.. , . . ,  . ..... . . . , .  , I ; . .  . . Time of use pricing r E198-1 :'.,":; -: ?::: . 
. . . . .  ,.,-,::. 
.,i:..* : -,. , Capacitors .,.:..' . , , ,  . .  . . . .  .. ! . . ,.. 

. . 
. . ~ . . ' .  Demand (load) factor - ~i97-1,-2*kj~i!': : _  

Farads - E119-1 DC Transmission (see Direct current Trans- 

. . . . . . . . .  _ ,;. .<.... :.> 

Direct - E103-1 
~bbikvidtiohs ' - ~ 1 2 7 - 1  

v ,  . , 
Instruments for measuring - E103-1 

'* Air' blast - '  E127-6,-7.4' , 
' ' . . # ,  

Obtaining from AC - E134-2 
Contacts - E127-1,-3,-5.4 Direct Current Transmission 
Cycle rating - E127-1 Losses - E150-1 
Oil Circuit Breaker - E127-1,-2.-3,-4,-5 Converters (valves) - El50-1,-2.-3 

, , ,  
Purpose - E127-1 Rectifiers - E150-1 
Opening circuit - E127-18 

, . .  Thyristers - E150-3 
, ' Operating mechanism - El27-2,-3,-4,-5,-12,-18, Tower (photograph of) - E150-4 

, - 19,-20,-21,-22 Valves (converters) - E150-2,-3 
SF6 - E127-9 10 -16 Distribution 

~ a l c u l a t i o ~ ~ - + , ;  E l  17-1 
.-.+.-.,- ....-.,.-I-.Ctl-CI-.. .........-.- .--. --.-... ............... -. .....,....-. . -.-..- ....I...... . . . . . . .  . . . . . . . . . . .  .............. . , 22-l..,..-2.... ..--,-...- "-. .~..- . 

. s .  , .  . Measured by - E117-1.-2 
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Energy 
Measured in - El 17-1 

Farads - E119-1, E122-8 
Fault - E127-23 
Fault Current - E127-23 

--I - _ _ A .._ Field (see generator - - field)-- --- &- - . - 
~ r e ~ u e n c ;  . " 

Abbreviation of - E108-1 
Cycles - E108-1 
Dcfirlition of - El  08- 1 
Charts - E108-2,3 
Instrument for measuring - E108-1 
Relationship to generation & load - ElO8-1 
Synchronizing requiren~ents - E l  85-1 ,-2,-3 
Unit of measure - ElO8-1 

Fuses E12S-1,-2 
Generation 

Singlc phnsc - E106-1 
Stearn - E100-1&2 
Three phase - E107-1 
Wind - E214-1 to -4 

Generator 
Field - E107-3 
Governor - E188-1 

Generator 
a 3 . I ,  &J ,b,Loading - E188-1, , ., . . , , + 

' ,  # i $ $ ~ ~ ~ ~ ~ ~ $ , ~ . 7 ~ E i b 7 - 3  , g i  . ',:t;d!;,$*: <' , ' ' , I , 1 1 1  I _ s  

 ene era tor Excitation (see Generator Field, 
excitation system) 

Generator Field 
Brushes - E107-12 
Carbon brushes - E107-12 
Collector rings - E107-10,-11 
Description of - E107-2 
Diesel - E107-12 
Excitation system - E107-7,-12 
Fietd poles - E107-7 
Hydroelectric field {photograph of) - E107-8 
Photograph of - E107-8.4 
RPM - E107-10 
Salient poles - E107-10 
Speed with respect to field poles - E107-7,-8 
Steam field (drawing of) - E107-8 
Steam field (photograph of) - E107-8 

Generator Stator 
Bar - E106-2 

. . Coil - E106-2 
t , ;,:,', ' .Description i of - . E106-1 : . , h  ' 

j . a  t .  jll,I ,. Hydroelectric - E107-3,-4;-5,-6 ::,,: 
I 'i '. Photograph of E107-2,-4,-5,-6 

5 - - ib.t+.t*b:~ Lk. 8xaSlots E 106:2;,, p*'$:'-+%,ix;j . , .A&t 
< , t*5$ +,$ - % P.%, 

. . \T& - ., 
-A,,:-;i&p , J ~ ~ , ~ ~ i n ~ ~ n g s ~ $ ~ 1 0 6 f 2 . .  ,E107-3,;q 45.-6 7"- 

+4.#wbfirstTg,, ,,t;@ tpy@ $$ :--a < % ?  ey ~ ~ ~ G ~ g ~ ~ ~ l ~ l - l ~ , ~ '  *iiiii %- .: +" T4 ,$ .*:. . , 
t 2' .s -&T!;"Grohnding . -'< > * ~ ~ ~ ~ - ~ & 2 +  ; -. . v- , 

3 

Henrys - E120-1 
Hertz - E108-1 
Herlz, Henrich - €108-1 
HZ - ElO8-1 
Impedance - E122-7,-8,-10,-11 

1ntluc.tance - E120-1 
Inductive circuits - E121-1 
Inductivc loads 

Lagging loads - E123-1 
Iilductive Reactance - E122-7,-8,-9,-10 
Inductors - E120-1 (also see shunt reactor) - - - - "-- - -  A 
Insulation - E l l  1-2 
Intcgratcd Circuits - El  34-1 
RCM - E l  11-1 
KCMil - E l  11-1,-2,-3 
Kilo - E101-1 
Lagging loads (Circuits) - E121-I, E122-1,-3 

E123-1 
Leading loads (circuits) - E122-1,-2 
Lightning - El 10-1 
Lightning Protection 

Lightnitlg Arrestors - E145-1,-3 
Shicld wires E145-1 
Surge (Lightning) Arrestors - E145-1.-3 

Load - El 18-1 (also, see demand) 
Load (demand) Curves 

Annual - El%-4 
Daily - E196-1.-2,-3 
Load factor calculation - E197-1 
Pumped storage - E199-1 

, Time of use, p r i ~ i n g , ; ~ ~ E ~ 9 8 ; 1 ~ ~ ~ ~ ~ ~ ~  r, ,1j4+ "̂  z~41213;~4# " . 
Load  emad add) :&ktor .)$E 197-1 , ::27i$1r'#iifB;t!fde , I - . . , .  .4$@ & , 

Load Shedding - E189-1,-2 
Load Tap Changer - E142-2.-3,-4 E154-1 
Loading, Generator - E188-1 
Loop Flow - E148-1,-3, E200-1,-2 
Loads (circuits) 

Capacitive (leading) E121-2,E122-1,-2 
Resistive (unity) - E121-1, E122-1,-2 E122-5, 

- 9 , - 1 0  
Inductive (lagging) loads - E121-1, E122-1,-3, 

E l23  
Lagging loads - E121-1, E122-1,-3, El23 

Mega - E101-1 
Micro - E101-1 
Microprocessor - E134-1 
hlilli - E101-1 
MCM - E l  11-1,-2,-3 
Nano - E101-1 
No Load Tap Changer E142-1,-2 
Numbering system, equipment - -E141-2 * - = ~ ~ + - r r  . .5&$&;;.F# 3C* ,  OCR - E127-23, -24 $L3 --+ -s&g 
Ohm's Law - E115-1 iL+'''' ++!T 
Oil Circuit Reclosers - El2TTA 
Oscilloscope - E102- 1 

f , T ~ ~ * I ~ $ $ T  - n: a0 >-5 

Overcurrent protectionafi<8& 

Loop Flow - ~1481f:-3%% 
. .1 Purpose - ~ 1 4 ~ - 1 , - 3  ""I2"' . . 

Pico ~ 1 0 1 - 1  
Poles (see generalor fieId) 
Pole-pairs (see generator field) 
Polychlorinated Biphenyls -- ~ 1 2 4 - - 4  - 
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Potential - E102-1 
Potential difference 
Potential transformers - E126-1 to -3 
Power 

Saw Tooth Wave - E104-1 
Shield Wire - E145-1 
Shunt Reactor - E123-2,-3 
Sinc Wave 

Abbreviations - E116-1 - Drawing of - E104-1 
- a- Calculations- -- Ellh-l72- ,&-..-- -- -. . --- ., - Spinning-magnetggeneratipg+LfEl 0 5 L -  - - - --- .. .- --- "* ". ... .---- -...- - --...- -.- " - 

Dcfinition - E l  16-1 Sqiiare'K-Rooi 'of Three factore- E140-1-2 A * 

Generator - E188-1 Square wave - E104-1 
Horsepower - E116-1 
Reactive El  22-7,-11 
Relationship with voltage & current - E116-1,2 
Relationship of watts to horsepower - E116-1 -- ' - 
Relationship of watts to cncrgy - E l  17-1 
Three phase - E122-6 
Triangle - E122-11 
VARS - E122-7,-11 
Volt-amps - E122-6, E122-11 
Volt-amp reactive E122-11 
Watts - E116-3,-2, E122-11 

Power factor 
Average - E122-11 
Calculating E122-5, E122-11 
Capacitors - E123-1 
Financial charge is low - El23 

Stability, System - E187-1,-2,-3 
Static wire (same as shield wire - see shield wire) 
Stator (see Generator stator) 
Step Voltage Regulator 

Additive winding - E154-1 
Components - E154-1 
Load lap changer - E154-1 
Photograph of - E154-3 
Regulator winding - E154-2 
Reversing switch - E154-3 

Suspension insulators 
Porcelain E144-1,-2 
Polymer E144-2 

Switches E143-1 to -4 
Synchronizing - E l  85-1,-2,-3, E188-1 
Synchronous condensers - El91 

Use in calculating power - E122-6 Load tap changer (photograph of) - E142-5.4 
Power Factor Correction " No load tap changer - E142-1,-2,-3 

Capacitors - E123-1 I .  Tap change under load - E142-1 
Synchronous Condensers - El91 TCUL (tap change under load) - El42-I 

Pref ixes  Thyristor - E134-1 
Electrical - E101-1 Time of use pricing - E198-1 

PT (potential transformer) - E126-1 to -3 Transistor - E134-1 
Pumped storage - E199-1,-2 Transformers  
Reactance, Capacitive - E122-8,-9,-10 Abbreviation for - E124-1 
Reactance, Inductive - E l  22-7,-8,-9,- 10 Autotransformer - E147-1,-2,-3,-4 
Reclosers - E127-23, -24 Connections (see transformer connections) 
Rectification E134-2 Control power transformers - E124-2 
Regulators (See Step Voltage Regulator) Current (see current transformers) 
Relays, Control - E131-1 Description of - E124-1 
Relays, Protective Distribution - E124-2, E139-7 to -13 

Hinged armature E l  32-2,-5,-6 Nameplate - E139-6, E147-4 
Induction disk E132-1,-5,-6 Oil - E124-4 
Multifunction E132-2,-4 Phase-shifting (phase angle) - E148-1,-3 
Overcurrent protection El  32-2,-5 , . -" I ; .  Potential transformers - E124-2, E126-1 to -3 
Overvoltage protection E132-6 P .; '  owe; ' transformers' -' E124-1 ' 'i-' 

i " *,a' . 
Plunger E132-2,-6 , ' ? $ a .  - Power transformer '(photograph' of)- - E124-5 
Purpose E132-1,-5,-6 
Underfrequency E189-1 , 

dervoltage, protection,i E 
ante - E115-1, 

eslstive loads (circuits) - 
Resistors - E l  14-1,-2,-3 . , , : :  + + :  s Turns ratio - E124-1 . 
Resistors, Dynamic Braking - E187-3 

< 8 

; Voltage - E124-1 to -5 
RMS - E104-1,-2 Voltage ratio - E124-1 

- RPM - E107-10 - -. - -. - .-- * .-.-... - -+-- - - . . Windings. E124-1,-2,-3. . - -  
Root Mean Square - E104-1,-2 
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Transformer Connections 
Delta - E139-3,-4 
Wye - E139-1,-2,-3 

Transmission interties - E200-1 
Transmission Lines 

..-,-,-. ...... .Clearance, with r . ~ p e ~ t t o , , v o l ~ a g e ~ , , - ~ ~ L 4 4 = ~ - . -  , .._ ,, ... . *-re 

DC (s t.-"f;irect lvEurren+p tiki-Sshissioh)-.. - .- + 

Lightning (see Lightning Pro~cction) 
Suspension insulators - E144-1,-3, 

Transmission Lines 
Towcr designs - E144-2 

Trip - see circuit breaker trip (opening) circuit 
Turbine 

Description of - E107-12 
Hydroelectric - E107- 12 
Combustion - E107-12 
Gas - E107-12 
Jet - E107-12 
Power production - E188-1 
Steam - E107-12 
Steam (photograph of) - E107-13 

Turbine-generator - E 107-1 2 
Tera - E101-1 
"V" break switch - E143-2, -3 
Volt - E102-1 

, . . , . Voltage ,:;, i:~.;?:. pi ';j,+i; .~,t!;.t;,i;2s . ,:..?&,:$Y~.. , , , , F , ;:<;:, . yjty.. .?,,A, q 8,+1 ~ 6 ~ : , , ; [ ~ : i : , ~ m ' ~ . ~ ~ ~ ~ ; ~ ~ :  ' 

Description of - E , , . . . I  : ,  

Phasing of - E185-1,-3 
Relationship to current (general) - E l  10-1,-2, 

E115-1 
Relationship to current in resist. c i rcui~ - E121-1, 

122-1,-2 
Relationship to current in capac. circuit - E121-2, 

122-2,-4 
Relationship to current in induct. circuit - E121-1, 

122-1 ,-3 
Single phase - E107-1 
Three phase - E107-1 

Voltage Regulator (See Step Voltage Regulator) 
Voltages 

Distribution - E100-1,E109-1 
Ranges - E109-1 
Subtransmission - E100-1 ,E109-1 
T~ansmission - E100-1,ElOg-1 

Volt-amp - E122-5,-6, E122-l l 

: ;$&? , ..; 
' I ,  .. 

.. . . .  , 

-. - .  
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I A b b r e v i a t i o n s  

I P - Greek letter micro - represents: 0.000001 

I Q - Greek letter omega - represents Ohms 
.-. .. 

- .- 4 . .. .-. G r e . e -  ,rep_req:fits: .eas_e___* -. ,., *., -. ~ 

. .. . 
. - -.. ," -&, ,..., , ...*..-,,.. ,-.. . . -  - ,.... . . , , . .  .. .~ ',.. . . , .  

~ ", .--.,.. "., .-.-?.," -" ---&:.- . . . .. -. . - . .. ..c 
" xa,, - n --  -- - . --. .. 

A - Ampere - the measure of current and .named after A n d r e - ~ a r i e  
A m p e r e  

C - C apacitance - the ability of two conductors, separated by an 
insulator, to store energy in a voltage charge 

1 CT - Combustion Turbine 

I CT - Current Transformer  

E - Voltage (used in equations) - historically based from the term 
Electromotive force 

I EMF - Electromotive Force (another name for voltage) 

I EMF - Electromagnetic Field 

EMS - Energy Management System - advanced computer system used in 
system control centers to monitor and control remote: equipment 

!~~144;':~.~?x,.~~rid4&~; ii&&k$y74 u"Pry.,..,c? .g7 L.', thki:rneasu;g:;of ,, ,. ;. the ;:ability,. o 
4 ,  ' .  3 . . , . *[.$I ,#$44~;.,.,r. ! ..,yt'i4$r.""' 

,';; , .+,I . :: , ; a" v v o l t ~ ~ $ \ ~ ~ c h a r g &  - namea""fter,p.Mich 
, / %  / , 

- ~ e n r ~ '  - the measure of the ability of an inductance to>"sfore 'energy ~ i n  a magnetic field - named after Joseph Henry 

Hz - Hertz - the measure of frequency and named after Heinrich R. Hertz.  
Frequency was measured in cycles per second, but was changed to 
Hertz in the 1960s. One Hertz is one cycle per second 

I - Current (used in equations) - historically based from the French 
word Intensity - current is the flow of electrons, or flow of holes 

k - kilo - 1,000 

kVAr - kilovolt-Amps Reactive - A measure of the non-work producing power 

kVArh - ki lovo l t -Amps  reactive hour - A measure of the non-work producing 
energy  

. kW - ki lowat t s  - a measure of work-producing power 

k w h  - ki lowat t -hour  - the measure of electrical energ 

L - Inductance - the ability of a circuit to store ener tic field 

LTC - L oad T ap C hanger - device added to a transformer when the 
transformer is being built to provide control -of  th 

p,y+rr . rnl i , transformer (samea as aTCUL) .  - Y Y ' ,  

M - Mega - 1,000,000 . <,: re > 

MVAr - M e g a v o l t - A m p s  Reactive - A measure of the non-work producing 
power 

- -v- - ..- -.-- *. -" ,". 
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MVArh - M e g a V  ol t -A mps reactive hour  - A measure of the non-work 
producing energy 

MW - Megawat t s  - a measure of work-producing power 

MWh - Megawat t -hour  - the measure of electrical energy 
. . .  . . .  

.......-. :-,..,. - ,  m ,,.. *. -.- . . . . .  ... ................. $2.. - .. *. 
............. . . . . . . .  

.,." 
. .  ... . .  ... . . .  . ~ . .  .... . m illi-; -:,O.OO I,;;;-, ;-;;;:z~;rlz,-. -- r .  ,r..,-.L.L.-,,4 .,, .._ ..-.lr-r.--...---.I mi ..,... ;..-. .-... ..,- ....es-..w 

~ I' - P o w e r  I 
I PT - Potential Transformer  I 

R - Resistance - the measure in Ohms of the ability of a material to 
block current flow 

SCADA - Supervisory C ontrol And Data Acquisition - computer system used 
in system control centers to monitor and control remote equipment 

TeUL - T a p  Change Under Load - device added to a transformer when the 
transformer is being built to provide control of the voltage out of 
the transformer (same as an LTC) 

V - Volts - the measure of voltage which is electrical push that pushes 
electrons and named after Alessandro Volta 

VAr - Volt-Amps reactive - A measure of the non-work producing power 

W - Wat t  - a measure of work-producing power' and named after J ames  
W a t t  

W h  - Watt-hour - the measure of electrical energy 

X - Reactance - equivalent resistance, measured in ohms, caused by 
capacitance and interacting magnetic fields in an alternating 
current circuit 

Xi2 - Capacitive reactance - equivalent resistance, measured in ohms, 
caused by capacitance in an alternating current circuit 

XFMR - Transformer 

XL - Inductive reactance - the equivalent resistance, measured in ohms, 
caused by interacting magnetic fields in an alternating current 
circuit 

f capacitive reactance 

O Professional Training Systems, Inc 2007 
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Crude Prices: What Happened? 
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Oil Consumption Growth in 2008 
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Global Oil Reserves 
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Natural Gas Market 
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Coal in the European Union 

Gas and coal consumption growth Changes in EU coal imports by source 
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Nuclear and Hydroelectric Output 
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CO, Emissions and Prices 
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Conclusion 

* 2008: Rapid market adjustment 

* Non-OECD: The future is here 

Volatility: Unavoidable in our industry? 
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EIectric Market Oveiview: Renewable Portfolio Standards - 

30 States* including D.C. have Renewable Energy Portfolio Standards (RPS) 
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Electricity Consumption ... 
I Impact of Codes & Standards and Marltet-Driven Efficiency 

M arket-driveno] 
Market-driven Efficiencyrll - 5% savings* 

6,000 
Codes & Standardsrll - 18% savings* 

Codes & 
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* Relative to Baseline Forecast 
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Electricity Consumption ... 
Achievable Potential Electricity Savings 

Achievable Potential - 7 to 11% 

Savings of 355 to 560 Billion kwh 
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/ Total Investment Total Investment Realistically Acliievable 
Potential 

Reduces Total 
Investment -1 5% 

($107 Billion) 

Reduces Generation 
Investment - 28% 
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Annual Value of a 5% Reduction in Peak Demand 
(Over 20 year period based on avoided costs) 
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ESPP Bill Impacts 

Consistently high retention rate, even in 2005, despite a very 
hot summer, and high power prices driven by natural gas 

(Does not include partkipanls who moved during the year) 
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