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ties for power systems research and open up new opportunities to young power 

engineers. 

1.3 MODERN POWER SYSTEM 

The power system of todilY is acomplex interconnected network as shown in Figure 
1.1 (page 7). A power sy~tem can be subdi vided into four major pans : 

• Generation 

• Transmission and Subtransrni ssion 

• Di :ttribution 

• Loads 

1.3.1 GENERATION 

Generators - Om: of the esscntial components of power systems is the thret!­
phase ac generator knO\~' n as synchronous generator or alternator. Synchronous 
gcncrator~ have two synchronously rOlating fields ; One field is produced by the 
rOIOT tlriYcn at synchronous s~ed and cxcih,.-d by de current. The other field is pro­
dll,:t."-d in the :otator windings by the thr~'C-phase armature currents . The de current 
for the rotor windings is provided by excitation systems. In the older units. the ex­
citers an! de generators mounted on the same shaft. providing excilation through 
shp rings. Today 's system$ u~e at: gener .. ltors with rOlating rectifiers, known as 
bl"llsM"u c.\ citation systems. The g~ner .. tor excitation system maintains generator 
~oil;tg .. " and controls the n!active powt:r fl ow. Because they lack the commutator. 
<Ie gener:.I1ors can generafe high power at high voltage. typically 30 kV In a power 
planl. the Sil~ of generators can vary fro m 50 MW to I SOO MW. 

The source of the mechanical power. commonly known as the prime n-,o~·t!r. 
may Ix: hr draulic turbines at waterfalls" steam turbines whose energy comes from 
the burning of coni. gns and nuclear fuel , gas turbines. or occasionally internal com­
bUstion engines burning oil. The estimated installed generation capacity in 1998 (or 
the United States is presented in Table 1.1. 

Steam turbines operate at relatively high speeds of 3600 or 1800 rpm . The 
generators to which they are coupled are cylindrical rotor, two-pole for 3600 rpm or 
four-pole for 1800 rpm operation. Hydraulic turbines, particularly those operating 
with a low pressure. operate at low speed. Their generators are usually a salient 
type totor with many poles. In a power station several generators are operated in 
parallel in the power grid to provide lIle total power needed. They are connected at 
a common poim called a blls. 
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T~ay the (~Ial installed ele<:tric ge nerating capacity is about 760.000 MW. 
Assuming the Unued States population to be 270 million. 

In'talled· . 760 x 109 
capacIty per capita = =: 2815 W 

270 x 1(j6 

To reaiize the. significance of this figure. consider the avemge powe r or a 
person to be approximately SO W. Therefore. !h~ pOwer o f 2815 W i .~ equivalent to 

2815 W 
5U W == 56 (po~'er slave) 

T he annual k Wh con.~umption in the United States is about 3, 550 x IU~ kWh. 
The asset of the investment for investor-owned comp:mies is about 200 billi on dol­
lars and they employ close to a half million peopJ.!. 

. With today's emphasis on em'ironmental consideration and consen'ation of 
fOSSil fue ls. many ahemale SOUrces are con.~idered for employing the ulllapped 
energy sources of the sun and the earth for generation of power. Some of these 
alternate ~ourees Whi:h <lrc Ixing used to sOITI\:cxtent are solar power. geothermal 
power. w~nd power. tl~<l1 power. and biomass. The aspir.1tion for bulk generation 
of power," the future IS the nudear lusiol!. If nuclear fusion is harnessed ecooomi­
cally. il would provide d ean \:ncrgy from an abundanl source of fue l, namely \\'<It.:r. 

Table I.J lnstallcXI Generation Capacity 

Type Ca pacity, Pe rcent F ut.:! 
.\fW I Steam Plant .nS,SOO 63 Co.ll. gas. petroleum 

Nuclear 106.400 14 Uranium 
. Hydro and pumped storage 91,200 12 Water 

Gas Turhine 60.800 8 Gas. petroleum 
Combined cycle 15.200 , 

Gas. petroleum 
Imemal Combustion 4.940 0.65 Gas. petroleum 
Others 2.660 0,35 Geothermal. solar. wind 
Total 760,000 100.00 

Tra nsformers - Another major component of a power system iS' the transfonner. 
It transfers power with very high efficiency from Gne level of voltage [0 another 
level. Tht! pow!'!r trallslem.:tI to the: secondary is almOSt the same as the primary. 
except for losses in the transfonner. and the produCI V J on the secondary side is 
appro:timateiy the same as Ihe prim;!f), ~ide. Therefore. using a step-up transfonner 
of turns ratio a will reduce the second;lry current by a ralio of l/a. T his will re­
duce losses in the line, whieh make~ the tmnsmission of power over long distances 
possible. 



The insulation requirements and other practical design problems limit the 
genemted voltage to low values. usulIlly 30 kV. Thus, step-up transformers are 
used for transmi ssion of power. At the roceiving end of the tran~miss ion lines step­
down tr lln sfonners are used to reduce the voltage to suitable values for di stribut ion 
or uti lization. In a modem uti li t)" system, the power may undergo four or fi ve trans­
formations between generator and uh imate user. 

1.3.2 TRANS:vJ ISS IO N A:'IiO S UBTRA NSM ISSION 

The purpose of an ove rhead transmission network is to transfe r e lectric ene rgy 
from generati ng units 'at \'ariou~ locations 10 the distribution system which uhi­
mately supplies the load. Transmission lines also interconnect neighboring ut ilities 
which permits not only economic dispatch of power within regions during normal 
conditions, but also the transfer of power between regions during emergencies. 

Standard transmissio n voltages are established in the United States by the 
American National Standards Insti tute (ANSI). Transmission VOltage lines operat­
ing at more than 60 kV are standardized at 69 kV, 11 5 kV, 138 kV, 161 kV, 230 kV, 
345 kV, 500 kY, and 765 kV line-to-line . Transmission voltages above 230 kV are 
usuall y referred to as extra-high voltage (EHV). 

Figure 1.I shows an elementary diagmrn of a transmission and distributi on 
system. High voltage transmission lines are terminated in substations , which art: 

called high-I'o/rage SubsI01;ons, receiving SlIbs fatiol!S , or primary substations. The 
function of some subst31i ons is switching circuits in and out of service; they are 
referred 10 as switching SImians. At Ihl.' pri mary substa tions, !he voltage is sleppo.:-d 
down 10 a value more suil3bJe for th~ next part of the journey toward the load. Very 
largc industrial customers may be served from the transmission system. 

The ponion of the trJnsmission systcm thai connects the high-vo ltage substa. 
tions through step-down tmnsformers to the distribution Substalions are called (hc 
slIlJ1ImumissiOIl network. There is no clear delineation between transmission and 
subtransmission vo ll3ge levels. Typica lly. Ihe sublransmission voltage level ranges 
from 69 to 138 kV. Some large induslri Ol I customers may be served from the sub. 
Ir'lnsmission system. Capaci tor banks and reactor banks are usually installed in the 
substations for maimaining the transmi ssion line voltage. 

1.3.3 DISTRIBUTION 

The distribUlion system is that part which connects the distribution substations to 
the consumers ' service-entrance equipment. The primary distribution lines are usu­
ally in the range of 4 to 34,5 kV and supply the load in a well-defined geographical 
area. Some small industrial CUStomers are served directly by the primary feeders. 

The secondary dislribulion network reduces the voltage for utilization by 
commercial and residential consumers. Lines and cables not exceeding a few hun-
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dred feet in length then deliver power to the individual consumers. The seconu<lry 
distribution serves mOst of the customers at levels of 240/120 Y. sing le-phase. 
three-wire; 208YIIZO V, thTee-pha!>e, four-wire; or 480Y/277 Y, three-phase, four­
wire. The power for a Iypical home is derived from a tran~fonner that reduces the 
primary feede r voltage to 2401120 V using a three-wire line. 

Distribution sYStems are both overhead and IIlIderground. The growth of un­
derground d istribution has been extremely rapid and as much as 70 percent of new 
residemial coru:UUCtion is served underground. 

1.3.. LOADS 

Loads of power systems are di vided imo industrial. commercial, and residential. 
Very large industri:ll loads may be served from the transmission system. Large 
industrial loads are served directly from the sublransmission network, and small 
industrial loads are ser.'ed from the primary distribution network. The industrial 
loads are composite 10~ds. and induction motors fonn a high proportion of these 
load. These composite loads are funct ions of voltage and frequency and fonn a 
major pan of the system load. Commercial and residentia! loads consist largely 
of lighting, heating. :tnd cooling. These loads are independent of frequency and 
consume negligibly small reactive power. 

The real power of loads are expressed in tems of kilowatts or megawans. 
The magnitude of load varies throughout the day, and power must be available to 
consumers on demand. 

The d:lily _!o'w "; Ul~<': u[ .1 ulilil) ilt .. ..:omposite of dcmands made by variou~ 
classes of u .;ers. The gl"\'ah:'~1 ViJlue 01 load during a 24-hr period is called the peak 
or mfHimll11! d~malld. Smaller ~aking gener.l,tors may be commissioned to meet 
(ilt= ~ak load that occurs (or o nly a few hours. In order 10 assess the use(ulnes" 
o( the generating plant thl! 1~ltl !m;wr is tkfined. T he load factor is the rat io of 
3\·crage load o\'er a dcsignalcd P'!nod o( lime (0 the pe3k load occurring in Ihat 
period. Load factors mly be giv(:o for a day, a momh. or a year. The yearly, or 
annual load faclor is th¢ mosl useful since a year represents a full cyck of time. 
The daily load faclo r is 

average load 
Daily L.F. = 

peak load 
( 1.1 ) 

Multiplying the numerator and denominator of (1.1) by a time period of 24 hr, we 
have 

Daily L.F. = average load x 24 hr = energy consumed during 24 hr 
peak load x 24 hr peak load x 24 hr 

The annual load fac tor is 

lOla I annual energy 
AnrHla\ L. F. = -"'O'--=7:::.c:~'l7-

peak load x 8760 hr 

(1.2) 

(1.3) 

I 
j 

I.J . MODERN POWER SYSTEM !I 

Generally there is diversity in the peak load between different classes of loads. 
which improves the overall system load fac tor. In order for a power plant to operate 
economically. it must have a high system load factor. Today's typical system load 
factors are in the range of SS 1070 percent. 

There are a (ew other (ac(O~ used by util ities. Utilization factor is the ratio of 
ma;timum demand to the installed capacity. and planr factor is the ralio of annual 
energy generation (0 the plant capacity x 8760 hr. These factors indicate how well 
the system capacity is util ized and operated. 

A MATlAB function bar-cycle(data) is developed which obc.ains a plot oflhe 
load cycle for a given interval. The demand interval and Ihe load must be defined 
by the variable data in a three-column matrix. T he firSI two columns are the de­
mand interval and the third column is the lOad value. The demand interval may be 
minutes, hours. or months. in ascending order. Hou rly intervals must be expressed 
in military time. 

Example 1.1 

The daily load on a power system varies :\s shown in Table 1.2. Use the barcyclc 
function to obtain a plot of the daily load curve. Using the given data ccmpUie the 
average load and the dai ly load factor (Figure 1.2). 

Table 1.2 Daily System Load 

Inter val, hI" 
12 A.M. - 2 A.M. 
2 G 
G 9 
9 - 12 

12 P.M. 2 P.M. 
2 4 
4 6 
6 8 
8 - to 

10 II 
II 12 A.M. 

The fo llowmg commands 

data" [ 0 
2 
6 
9 

12 

2 
6 
9 

12 
14 

6 
5 

10 
15 
12 

Load , MW 
6 
5 

10 
15 
12 
14 
16 
18 
16 
12 
6 



14 16 
16 18 
18 20 
20 22 
22 23 
23 2. 

p ~ dataC: ,3); 
Dtoodata(:, 2) 
W = P'*Dtj 
Pavg ~ W!sum(Dt) 
Peak " maxCP) 

I. 
16 
18 
16 
12 
6]; 

data( : 
% Column array of load 

,1); 'l. Column array of demand interval 
'l. Total energy, area under the curve 

i. Average load 
Yo Peak load 

I. Percent load factor LF - Pavg/Peak*100 
barcycle (data) 
xlabelC'Time, hr'), ylabel('P, MW' ) 

'l. Plots the load cycle 

result in 

P. 
MW 

] 8 

G 

]4 

) ]e 

10 

6 II 

FiGURE 1.2 

I 

5 

Daily load cycle for Example 1.1. 
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1.4 SYSTEM PROTECTION 

In addition [0 generators, transformers, and transmission lines, other devices are 
required for the satisfactory operation and protection of a power system. Some of 
the protective devices directly connected to the circuits are cal)ed SIt'i£cligl'a{. They 
mclude instrument transformers, circuit br~akers, disconnect switches, fuses and 
lightning arresters. These deVIces arc necessary to deenergize either for nonnal 
oper..ttion or on the occurrenc~ of faults. Thc associated control equipment and 
protective relays are placed on .Iwitchhoanl in COlltro[ houst's. 

1.5 ENERGY CONTROL CENTER 

For reliable and economical opt:ration of the power system it is necessary to mOll­
itor the ~ntire system in a contml center. The modern control center of today i~ 

caUed the energy control alit{'/" (ECC). Energy COll\rol centers are equipped with 
on-line computers performing aU signal processing through the remote acquisition 
system. Computers work in a hieran:hical structure to properly coordinate different 
functional requirements in normal as well as emergency conditions. Eve!)' energy 
control center contains a control console which consists of a visual display unit 
(VDU), keyboard, and light pen. Computers may give alarms as ad .... ance warn­
ings to the operators (r.lispatchers) when dcviation from the normal state occurs 
The dispatcher makes judgments and decisions and executes tht'lll with th~ aid of 
a computer. Simulation too!~ and software packag ... s written in high-levd language 
arc implemented for eflicient operation and reliable control of the system. This is 
referred to as SCADA, an acronym for "supcrvi~ory control atid d'lta acquisition.'" 

1.6 COMPUTER ANALYSIS 

For a power system to Ik practical it must Ik safe, reliable, and economical. Thus 
many analyses must be pl!rfurmcd to design and opt!fate an electrical system_ How· 
ever, before going into system analysis we have to modd all components of dec­
trical power systems. Therefore, in this text, after reviewing the concepts of power 
and three-phase circuits, we will calculate the parameters of a multi-circuit trans­
mission line. Then, we will model the transmission line and look at the perfor­
mance of the transmission line. Since transfomlers and generators are a part of 
the system, we will model these devices. Design of a power system, its operation 
and expansion requires much analysis. This text presents methods of power system 
analysis with the aid of a personal computer and the use of MATLAB. The MAT· 
L'\B environment permits a nearly direct transition from mathematical expression 
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to simul at ion. Some of the basic analysis covered in this text are: 

• Evaluation o f t ran ~mj ss iOIl line para mdcr.; 

• Tranlomi los iOI1 line pcrfonnarK'1! and compcos;ttio n 

• Puwa fl o\.\" :malysis 

• h :ono mic s~:hedu l ing of g .... neration 

• Synchro nous m:lchi ne lransienl an;) ly s i ~ 

• Balanced b ult 

• Symmetrical t'ompoJle nts .md unba lanced faul t 

• Stability sllIdics 

• POwer sy ~ t em contro l 

l\1any ,\J,\TLAIl fu m:liollS are deyeloped for the above studies thus allowing 
tile st[)(.knt to c()n':entrale on anal ysis and design of practical systems and spend 
k ss Wn e t1l1 programming . 

PROBLEMS 

1.1. Thl' demand .:sl1 nJalioll is the stan ing point fo r planning the future electric 
I)OWl'r supply. The consistcnl.·Y o f de m;md g rowth over the years has led 
10 llIunerous attempts to fit mathe matil'al curvcs 10 this trend. One o f the 
simplest cur\'cs is 

1.2. 

P = R ,f,,, (I- lu) 

wherr,: a is the a\'eragc per unit g rowth rme. P is the demand in year t , ant.! 
Po is Ihe givcn <km:tlld ilt year to. 

Assume the p..:ak powe r t.!emand in the United States in 1984 is 480 GW with 
an average growth rat e.: of 3.4 percent. Using MATLAB, plot the predicated 
peak demand in G W fro m 1984 to 1999. Estimate the peak power dcm:md 
for the. year 1999. 

In a certain country, the energy consumption is expected to double in 10 
years. Assuming a simple exponential growth given by 

p = Pocat 

calculate. the growth Tate. a . 

L.O. \..UNlrv '''-K "'NALY~l:; 1-' 

].3. The annual load of a substalion is given in the following table. During each 
month, the power is assumed constant at an average value. Using MATl.AB 
and the barcycle function, obtain a plol of the annual load curve. Write the 
necessary SlatemenlS to fi nd the average load and the annual load factor. 

An nual System Load 
Interval. month Load. MW 
J<t"uary • 
Fl!bruary 6 
March 4 
April 2 
May 6 
June 12 
July 16 
August 14 
September 10 
October 4 
November 6 
December 8 
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