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components such as substagiog, The
parts of a working SCADA system '; e g
includes signal hardware (inpug 40 'ru:" ch ugygy
lers, networks, human-machip lm.,r,” oty
communications equipment, and o, ”:" llll_*
SCADA refers to the entire cenyyy, i Phe tgp,
monitors data from various sensore lh,,; ..;. Whig
close proximity or off site. Remo, |, < Cither &
{R’I‘Un) consist of programmable fog N}
(PLCs). RTUs are designed for Spec

ments but lhey permit human mh.runllur

example, in a factory, the RTU might
setting of a conveyer belt, but (he .
changed or overridden at any time by
vention. Any changes or errors are y Sually agegms:
cally logged and/or displayed. Mos often, 4 5 ::T“
mwﬂl monitor and make slight changes lnh.wjj

aptlmnlly and they are closed-loop SY5tEms
mitm'an entire system in real time

Tfﬂr
U'ﬂ“nl ”-‘_
}pttd L_'En ?’
human iMitier.

and
This requires
o data qﬁquisitions including meter reading

. checking the status of sensors, the data of whick
are transmitted at regular intervals depending og
the system. Besides the data being us ed by the
RTLL it is also displayed to a human who i 2.
10 interface with the system to override s seqlings of
make changes when necessary. _
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5 of telmmmunu,atmna [eruplu Inter
v telecommunications programs (ITP)

Mmmbine state-of-the-art technology skills wiil
mmm economie, and regulatory nsig hs nec
mwmnve in a world of increasingly ubiquios
- communications networks. ['TPs arc served by
mlﬁ economics, electrical engineering, O
I m law, business, InL.,Ir.fr,mfnrnlmltdllﬂ'f’ti

w government, They address researcd n
sr-security, network prmnmh ¢ lecom

AT ” ﬁﬂd strategy, current national pﬂh:
I .ﬂ iﬂilllmd;a, and so forth. Key lopis ¥
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¥ -'4# anc reliabihly of utility syslems a‘!ddl"

"‘_".!.‘ Gf security-related 1550¢
information security as well 45
I nt and management. The rndl”‘ area
ind “I' ucle Phﬁiﬂﬂ]mf"}' and ac
rou infbrmatmn gystems i
bl“wr m%mgﬂl s
nd: ft'-;a review of existing 5¢¢
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d .,I'.'E._J and _1~_
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pouters.  selected

| Mer systems, ncw scLumy guide-
 response plan, and contingency

and public safety review various

mﬁom floods, power outages,
o biﬂlogtml hazards. Various

w getting safety standards and

g W and basic technical concepts of

communications systems arc studied. They
wde an in-depth look at basic telecom
Tt and concepts, introductions 1o
f' ﬁ!l mmnﬂworkﬁ signaling, modulation/

sltiplexing. frequency-band and propagation
characteristic: I‘;]:ma:.-,u':;il analysis of signals, modu-

fla =t ]

ation (2 “,,,, modulation AM, frequency
P phasc modulation PM, and pulse-

_ on PCM), digital coding, modula-

i __';'1‘,, SXIT g,detectlﬂn transmission systems,
"H'ﬁ ching systems with an introduction to

Lm iﬁt\vﬂﬂ! conﬂguralmm and traffic

P

[} I -II - 5 -F
B i
~analysis.

. Data.C “,,,,m.. ations define data and computer

ns terminology, standards, network
: youting and switching technologies, and
0 .; ation and network protocols that apply
to widi _uﬁmﬂrks WANSs, metropolitan-area
Hﬂ- Ns, community wireless networks

5, cal-area networks LANs. Studies
herefc " eus on asynchronous and synchronous
lide-area networks such as frame relay and syn-
<n§tworks SONETsS, the Internet,

Internet applications, and
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------ ork security examines the critical
work Murity A technical discussion
'.A, rerabilities, detection, and preven-
.u:,», Iiam addressed are cryptogra-
valls, mhvnrk protocols, intrusion
lection, s I_,__'t-f - architecture, security policy,
investigation, privacy, and the law.
ging technology of internet access via the
n system is addressed [105].

B

! . blackout is analyzed in

mmer '?i_ ations are given for prevention

fure: _', the future. Reliability questions
'i““'i ‘With the advent of distrib-

108, 109], the control of power

ne 1y ore eomplicated due 1o the

t capability of renewable sources

'aqmltage and current wave

'1
il',i'

327

8.4.1 Fast Int
err
Current Limiters Upting Switches ang Fault-

Fas

yd_ Linterrupting switches and faull
I¥E 10 maintain the “sldh‘lll

sysiem by isolatin

ing the Llchi

-current limiters

e [.:r Tupting switches are used to
rnrcwnann, due to the not quite simulta-

neo
- us Ll;’mnp of the three phases, and to ease reclos-
: |
“im;:p ICations. In the first application the almost
Ancous switching of the three phases prevents

the curre
x urrent flows through the capacitance of a cable,
which is required for inducing ferrore

(sce Chapter 2), whereas in the
should occur within 2 fe

Chapter 4.

sonant currents
latter the reclosing
W cycles as indicated in

Fast Interrupting Switches (FIS). Fast interrupting
switches [111] rely on sulfur hexafluoride (SF, ) as a
quenching medium resulting in an increased inter-
rupting capability of the circuit breaker. SF, is an

inorganic compound; it is a colorless, odorless, non-

toxic, and nonflammable gas. SF, has an extremely
greal influence on global warming and therefore its
use should be minimized or entirely avoided. From
an environmental point of view a circuit breaker is
expected to use smaller amounts of SF, or to adopt
a8 a quenching medium a gas thal causes no green-
house effect. Research is performed to substitute SF,
by a greenhouse benign alternative quenching gas.
The series connection of an FIS with a fault-current
limiter either reduces the interrupting eonditions or
makes the substitution of SF; with a less effective
quenching gas possible. For this reason it 1S ImMmpor-
tant to investigate the dependence of the interrupt-
ing condition on the circuit parameters as will be
done in the next section,

Fault-Current Limiters (FCLs). Fault-current limiters
are installed in transmission and distribution systems
to reduce the magnitude of the fault current and
thereby mitigate the effect of the fault on the remain-
ing healthy network. The fault-current limiter 15 @

device having variable 1rnp;.damq.,.. L.Uﬁl'lLClEd in
ceries with a circuit breaker (CB) to limit the t:unfenl
ander fault conditions. Several concepts for design-
ing FCLs have been proposed: some arc based on
gupurcunduclms [112- [ 14], power ulu.tr{}m;s wm‘;
ponents [IIS'-IIH] polymer resistors [119], an
control techniques based on umvemmniﬂ com‘p::b
nents [120]. FL (s not only limit the fault curre

but can have the following additional functions:
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power system

le-phase equivalent @re ‘
oround faults at different locations.

: 4it of a circuit breaker (CB) connected n series with g fault-gy
o “Clrrg
FIGURE E8.12.1 Sing i

(FCL) with two three-phase (0
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qoe sags during short-circuifs

R FC1

« reduction of voll

[1:]]‘ y= o by |
e« improvement of power sysiem stability [122, e VAVA Y =
- 123], (@)
- e S e curring mechanical
1 » reduction 0Ol the maximum OCCUrrng : . . FIGURE E8.12.2 Model tor resistive (a) and ind
- and electrical torques of a generatar [124], and (b) fault current limiter. HCiive
_ o casement of the interrupting burden on circuit
:'.5 hreakers by limiting the fault current to a desirable
' level.
L}
{; Note that in the latter case the burden on the
o circuit breaker depends not only on the interrupting
& current but a[sp on the transient recovery ‘“'Tfh”g‘_‘: symmetrical three-phase to ground short-cireuit i
W (TRV) app't:anng 'rfwm“’ the leua_(*_h' 0‘1 i EAPGLL} assumed to occur at a distance € of 0 to 8 km from
a2 saker. $ COTICE1V at 3 edance : . : ; . .
v breaker l} is conceivable th il.d limiting lmpt‘ddlntt the load:side terminals of the FCL, BifNE RS
o of the FCL and a stray capacitance can result in a e\ T PP : A A S
X : S e F " shows the corresponding single-phase equivalent
| change of the / and may bring about a more e - Loy :
.3- 3= l ST X ! H;g db”m y AL circuit;onthe supply-side the inductance L, = 6:69 mk
L severe interrupting duty than in the absence - TR ke .
-5 B P g 3 . : e absence of :.m and the capacitor C, = 750 nF are given. At 4 faull
- FLC. In the following section the influence of a resis- e . < i
: o , Ay 1 ; near the circuit breaker (CB)—in the absgnce olan
= tive ax:,td a.n inductive FLC on the interrupting duty ECL—the CB is assumed to interrupt 63 kAt
' of a circuit breaker will be investigated for various § o : e
. i ‘ ate of rise of the recovery voltage (rrrv) of 23KV
faolt locations. Fi . g 5 rate ol rise ol Ine rec \ ag
| 1ons. First. a fault occurring near an FCL | _ - FCI. the current at a distange
shistibe adifressadh & : _ us. In the absence of an FCL the current al d distiis
| ssed because 1t produces the maximum ) e s ) . OO or. and §1%ol
Gatlt citrentithat a-circis i : ¢ of 1 km, 4 km, and 8 km is 90%, 687, and aL%<
at a circuit breaker must interrupt. In ~ - | g S
his cas . =Nl 63 kA.... Cre; =1nF represents the stray Capis
| this case the TRV across the circuit breaker will be Pl e : ~ mission
- not as severe as compared with { tance to ground of the FCL, and the [ransmissi
3 ompared with the case where the i) : oo unit lenglh
i fault occurs a few kilometers from the terminals of line inductance L, and capacitance C;, peruf 4
: terminals o . e aale The B
the FCL. However, a fault a few Kilometers from th are 0.8 mH/km and 15 nkE/km, reepudm.i!-‘«qhtF !
= : . . | CLErs irom the - . g i bl 0
EMrs FCL must Irtete is assumed to produce a limiting impedince Lol
e : sO taken into account because the : P : ag [ G
o S R rate of rise of the recovery voltage (rrrv) is higher either a resistive type or an inductive type as 18 A
» - ' IENET In | . ; e e i : 8 i
this case than for ~ trated in Fie. E8.12.2, The resistance Rt !
5 - ik i for a fault occurring near the FCL. ; , & g 4 -y B e the
1 L range of 1 to 9Q and the inductance &ie = .
9 St _ | : {he 1E8¥
aplication ] range of 2.6 to 23.9 mH; that is, for 60 Hz
ieation Example 8.12; z et

tive (Rper) and reactive (27 L pey) ©OMPon

_ about the same. In the latter case the capss

& SYSEMm Yollase snd frac.. Cinsy (10 to 100 nF) represents a Stray capait
¥ .: .-fjt;.. *ﬂf t.ht tm and is connected in paraJla! wilh L}-ﬂ_. Ttle
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: ctively. A assumed to be that of an ideal switeh:
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Pfﬂwm inwrgnnncclc‘d power system evolved
The '
ter 1940 anc

P“C“wd energy
n NE

s econ
sabolaE™s ik as a lack of : .
. 1 rfﬂ”ltlnunq das \‘H’L‘“ a5 4 1ac 9} dpprﬂl‘}rlalelv
1Ll ‘

o oF educated engineers. Power systems can be
alne . e A
i , multiple ways: at one extreme we have

| represents an efficient however com-
gunuratliun, distribution, and utiliza-
work. [t is reliable but also vulnerable 1o
omic issues, distributed generation,

fun!itlurﬂd .
’ ﬂ_f p{]‘“-"L‘
qultiple loads over transmission lines of

- source that delivers all the required

L'I“'cr O I

wing lengths. At the other extreme there are indj-
yaryriz -

yidual SOUTCES th
ad. In between We have multiple sources

at supply the needs for each and

syery 10 | |
(2.8 distributed generation) and loads of varvine
g Ui : E ying

-

g|Z¢8 that arc
pply the loads. The fundamental issue is how to

connected by many transmission lines
{0 SU
halan

fively |
loads that are distributed over relatively small dis-

ce efficiency, reliability, and security. For rela-
small systems a single source serving multiple

tances has the advantages of being able to share

capacity as the demand varies from load to load as a
qunction of time and to take advantage of the effi-
ciencies of size. A single source for either one single
load or several loads is the easiest to control (e.g,
<ochronous control) and, in many respects, the most
secure, as possible failure mechnisms are associated
with one source only. By connecting given loads o
multiple sources (e.g.. with drooping frequency-load
characteristics, see Problems 4.12 to 4.14 of Chapter
{) with multiple transmission lines we inerease the
reliability, as the failure of any one source or trans-
mission line can be compensated for by picking up
the load from other sources or over other transmis-
sion lines, However, as the number of lines and
sources becomes large the control problem becomes
(00 large to be managed centrally. This problem of
distributed control for complicated power networks
; closely related to the same problem in communicas
lions, biological, economic, political, and many other
systems;,

I the case of distributed generation with renew-
ble energy sources (e.g., wind, solar) additional
“nstraints enter the control approach where the
*ewable sources are operated at near 100% capac:

;:1132’ i;ifos‘ing drltmp characteristics with stecp
suu;@ ne intermittent operation of mnm'ﬁ?
ike fequires that peak-power plants &ﬁ'&ﬂézlﬂ - ey
e over when the renewable sources are unabfe o A
S power. In order to minimize peak-pow

=
1 R T

T. i £ < !
1. ML e

4
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o T o » . -

and Sacurlty

ad Ui&ﬁhli: {5

also rely on eneroy «
hydro, comp 2 energ storage plants (e,g.,

Inthe “"“;1?3 j‘f1jﬁqpct{:apacilnrs’)¢
essary $o that po ?prlnm the requirements nee-
selves. The 'mfnp wtr wmﬂﬂ.m can organize them-
R glffn:llnn that is required 1o operate a
el ! aﬁ ﬁlone power plant with isochro-
it Ic&m 15 relatively well known. However. it is
operate ; E lt_‘i r what. -Iﬂfnmm.m" one needs 1o
network that is faced with new and chang-

INg requirements : :
1-;_ quirements and constraints that are hrought
aboul by new security

ulations. distributed
Questions to be a

problems, environmental reg-
generalion, competition. ete.
patch centurnfapjizhjfict:m‘? jmmﬂ o qiﬁ'
capacity o wiich gadhy G rten s P
ot Se m;\_:m‘m;mn line and power
of the EEHETEHD:S wca[ﬁer ::r requtm) m-ld G
nc_mﬁch;duied pnt:t;f:r exch 'ﬂd‘ﬂﬁ S-kh':{%uhd o
& : anges, times to shed non-
cnycal loads or pick up new loads. repair times for
\-'La_nnﬂ_rus kinds of damage and maintenance, hierarchy
OF controls. and design of the system so that if a tel:—
ronst has access to a port on the network the damage
he can do is limited. How does the probability that
this can happen increase with the number of ports/
buses on the network? It is advisable to look at the
design of other complex systems that organize them-
selves as possible models for our power system.
Systems that can be considered as role models
include the Internet, multistream multiprocessor
computer systems for parallel computing, and
biological systems.

The systems with the most closely related set of
constraints to the problem of the allocation of gen-
eration capacity and the distribution of power for
varying loads with the loss of 4 generator or a trans-
mission line are communications networks. These
networks have a large number of sources and sinks

for information that may be connected by many

ransmission or communication lines. Strategies for

the design of these networks that take into aceount ount
the cutting of communication lines or the loss of
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.piart of any DSM program is electrical
oring. Most utilities rely on

e T _ revenue
 pemand-side management programs present ~CiofS at the point of electrical entrance service to

 modest but growing sources of energy and capacity
~ resources. In 155 3. DSM programs cut annual elec-
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- 6.8% [156, 157]. DSM programs include a variety of
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indivi ildi

i o i
tional meters for individu I lms ‘ ‘.atmn Ofadfh;
devices such as lighting s ast : f’cmmﬁ"—m‘msumg
or chillers. With these aidifia;;l;izi?atmn fans,.
. controls of
_targeted equipment can be performed. To make
lmplememation of DSM programs cost-effective.
there is an increased interest in monitoring tech;
niques that allow detection and separation of indi-
vidual loads from measurements performed at a
single point (such as the service entrance of a build-
INg) serving several electricity-consuming devices.
Such techniques have been proposed and have been
shown to work relatively well for residential build-
ings but have not been effective for commercial

buildings with irregular and varnable loads [159].
Electricity production, transmission, and distribu-
tion have substantial environmental costs. Utilities
e . use different methods to assess these impacts [160].
demand-side ' :e e:ZnTos:a (I:Jt E::ie;: The simplest appmach igporcs externalities an_d
utilities int ‘auﬁm : Bl!}f . T]z" 2 pes o assumes that compliance with all government gnv;

echniques J“m“ el b ronmental feguialmns vields zero externalities.
B LCC DY utilities that wou more complicated approach consists of ranking and
R !f?’:"?'hﬁ;?‘%;fj '@.Ye'r customer loads: weighting the individual air, water, and terrestrial
imp;CIS of different resource options. ?fomf:r utilities
utilize approaches that require quanljhcahonl(sa.?ch
as tons of either sulfur dioxide or carbon (!lﬂxlldﬂ
emitted per million BTU of coal) and monetiziftlan
of environmental damage per ton of either
carbon dioxide or sulfur dioxide) of the ﬁ'-l‘.ﬂiSSiOHS
associated with resource oprions. However, since the
estimates of monetized environmental costs vary 5:0
many utilities are reluctant to use tl.lgs.&
| assess the environmen tal externalities

(echnologies related to energy efficiency, load man-
~ agement, and fuel switching.
| * SM programs conducted by 666
clectric utilities in the Tﬂj‘ni'ted States indicated a wide
range of technology alternatives, market implemen-
lation techniques, and incentive structures [158]. Of
the total pro; 5;’__'_-*?:_ r:f‘pfm}."_}?ﬁ ", ﬁgﬂﬂ, 64% include residential
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f demand ‘control equipment that
€eording to local conditions. The tech-
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yeling (mostly for the control of air
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fuel cell [173. 174] storage.
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“a lower electricity rate
t mechamisms.

Pry }ﬁl'am

U
ot Othey Iy
N

ﬁ“mﬂY*STB RAGE M ETHO DS

&m storage methods have playeq 4, .

role in the past and they will even play ;n i
~tant role in future POWET System archiy “
dmbuted genaratmn contributes :

POTtg
10r1e im
Clure sy
ﬂl‘i{}ul ()%

~ entire electricity production. As long g e © Of the

Gy

need for an increase in large (e Biaat Mgk
‘1 { r"n
&)

atmgefacxlmes One example for 4 larg

Wd'smma‘e Plant commissioned aroung

sed-air storage [61, 62], fywheel [17 ll mﬁ:

8.7 MATCHING THE OPERATION OF
mmm RENEWABLE POWER PLANTS

Wmust be matched with energy storage facﬁp

m 'ﬁnﬂ 15 so because the wind may blow whe

here is no power demand and the wind may not
m when there 1s demand. A similar scenang
applies tOPhﬂtD\fﬂllalc plants. It is therefore recom-
ded to design a wind farm of, say, 100MW

g@_ﬂﬂr capmty together with a hydro pumped:
Wg&plant so that the latter can absorb 100 MW

Iu.m a 3-day period; that is, the pumped-siong
t must be able to store water so that the electne

m m amounts to 7.2 GWh. Similar storage

=< ' mbg provlded by comprcawr.d air facilities

m @hﬁ compressed air 1s stored m decomms:

W ‘mines [61].

| A!Ellﬂtlon Example 8.14: Design of &
Hyd Elmllﬂll-Storage Facility Supplied by
“r“ 4 mm a Wind Farm

1 *v

ant (Fig. ES141

..lll_

Apu 1.1--— hvdro-power pl

| a Storage hydro-power plant U oy
IS10°0 H* mthal‘dted power of 2 i
3y capacity of 1500 MWh P day
kst with 8

cOT E'.-I_'..I_M'. an “Pper and a lower rggcnulr ,‘t!

‘_ | ”.[l b_ Q ﬁach In dddlllﬂﬂ lht‘ff LS
Vater evaparE
emergency Wemr 625 MWh. Watt

. 0 1'\
e nd 18 1U* P
> faken into account a arﬂ

| . ‘| m !;'. ﬂIld the PTBCIPIMIIUH i“' - 3uﬂ|

n ¢
inches, The maximum qnd minimul

- -:f,. N | ;{"}I]’ IN 'l 'II“
evel) of the upper rese r :

L.. i

,"' -“-'I:l-i-‘i: ﬂi-'ﬂ--——

.-{_ L ————————— ————— -
I L LI 'L:'t-’-“‘{ ﬂ" #F-—.i—-__--_-______-—:.:

l) for the lower reservoir are
,mpgctwely The water turbine is

> ls coupled with a salient-pole
» with 24 poles, which can be
. generator for gﬁﬂ&ﬁﬁ.ﬂg electricity by
he w ‘ter from the upper reservoir to the
‘| ;n mtmf- for pumping the water

ir to the upper one.

......

;[‘ hronous gﬁ.mtur are Mutine = 0.8 and
i ~:z-.-~-.‘-3‘~1h‘ _respectively, compute the
| at the turbine input PEESE
| .=-=.f ‘l"ﬁfthe water is H =800 ft, the
gen water and pipe amount
id the wate ﬁaw measured in cubic feet
mﬂefs compute the mechani-
~avail: gm kW at the turbine input
e i
i sompare with Py’

B ,SPEBdN Is the selection of
T e m turbiues exist?
~of water the upper oOr
ust hold to generale
2. MWh)-EleS MWh  per
AN -._' our period?

t;nn per year sufficient (0
. .‘5’".-1';_'-7‘77‘“ d water? If not, what is the
in-caf “ ch ama to replace the yearly
ugh e ation?
_ Iant delivers the energy
\ Wh) = 2125 MWh  per

LS fu!l -.H. pay soznfk.Wh dutr lﬂ
""'j-"'f' ation. What is the payback

O
Ny | -
| .."l b

II.I .-..:---1'. -l N
JOompule the spec

’-"'.H 0

r
-
||_t 1"

N ™ = -

penm_’l of this pumped-storage plant if the con-
5lruc!{mn price is $2,000 per installed power of
} KW, the cost for pumping is $0.03/kWh, and the
interest rate is 3%?

t) Design a wind farm that can supply the hydro
pumped-storage plant with sufﬁc{ent energy
during off-peak power times.

8.7.2 Application Example 8.15: Peak-Power
Tracker [56] for Photovoltaic Power Plants

Next to wind power, photovoltaic systems have
become an accepted renewable source of energy.
Sunshine (insolation, irradiation, solar radiation) 18
in some regions abundant and distributed through-
out the earth. The main disadvantages of photaval-
taic plants are high installation cost and low energy
sonversion efficiency, which are caused by the non-
linear and temperature-dependent v-1 and p—1 char-
acteristics, and the shadowing effect due to clouds,
dust. snow, and leaves. To alleviate some of these
effects many maximum pOWET point tracking tech-
niques have been proposed, analyzed, and imple-

mented. They can be categorized [36] as

| Look-up table methods: Maximum-power Oper-
ating points of solar plants at different insola-
tion and temperaturc conditions are measured
and stored in “look-up tables.” Any peak-power
racking (PPT) Process will be based on
reu‘rrd:d information. The problem with this

apprmch is the limited amount of stored nfor-
nonlinear nature of solar cells and

v on insolation and lemperas
degradation (aging) effects
and store all pos-

mation. The

their dependenc
ture levels as well as
make 1l impossible to record

sible system conditions.
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Qﬂftﬂ augment the spinning reserve. S10rage plants
can be put on line within a few (¢.2..0) minutes. Ths
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ge Pick-up Through the
m a Transmission Line Via a

Ij ntro! and dispatch center from a
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in the magnetic field strength of
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'Tﬂ avoid any step-down trans-
ached to the transmission line
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wer Quality on Reliability, Relaying, ang Security

the Single- -
phase coil by
b) Assume that

alength of [ =

ned in the ground.

the rectangular single-phase coil has
10 m, a width of w = 3m. and a very

required to obtain a rectified DC

60 V. You may ass mag-
ume that the
netic ﬁeld IS tangential to the ground fevel.

I;roblem 8.4: Maximum Surface Gradients
t-Ussters Eiy coneer and Critical Disruptive

Voltage v_  »» Determine the Susceptibility of
E Transmlsslon Line to Corona [35]

d) For a transmission line with the line-to-line
voltage V, ; =362 kV and the basic geometry of
tbe three-phase transmission line (flat configura-
hion) of Fig. E84.1a where the phase spacing is
§=75m, the subconductor diameter d=3 cm.
the conductor height H =125 m. the number of
conductors per bundle N=2, and the bundle
diameter Do =457cm. determine the
maximum surface gradients E; ; .and E; ;
measured m kV,_Jem [47).

b) Determine the crititical disrupiive voltage V.
in kV for the maximum gradients found in part a,
where the radius of a subconductor s r=13 cm,
the equivalent phase spacing (distance) for the
threc-phase system is Dz =500 cm, the surface
factor m = 0.84, and the air density factor §=0.756

['H +

Problem 8.5: Frequency Variation Within an
Interconnected Power System as a Resuit of
Two Load Changes [57]

oram of WO interconnecied areas of a
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O areas are connected

A block diag
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Problem 8.8: Calculation of Uncertainty of

Losses P, = P, - P... Based on the
Conventional Approach

Even if current and voltage sensors (e.g., CTs, PTs)
as well as current meters and voltmeters with error
limits of 0.1% are employed, the conventional
approach — where the losses are the difference
between the input and output powers — always leads
to relatively large uncertainties (>15%) in the loss
measurements of highly efficient transformers,

The uncertainty of power loss measurement will
be demonstrated for the 25kVA, 240 VIT200 V
single-phase transformer of Fig. E8.8.1, where the
low-voltage winding is connected as primary,
and rated currents are therefore [, =3472 A,
l,... = 104.167 A [72]. The instruments and their error
limits are listed in Table E8.8.1, where errors of all
current and potential transformers (e.g.. CI5, PTs)
are referred to the meter sides. In Table E8.8.1, error
limits for all ammeters and voltmeters are given
based on the full-scale errors, and those for all
current and voltage transformers are derived based

on the measured values of voltages and currents (see
Appendix A6.1).

Because the measurement €rror of an ammeter or
4 voltmeter is a random €rror, the uncertainty of lh‘:
instrument 18 & 3. if the probability distribution O
the true value within the error limits £ (as Shﬁwself
Table E8.8.1) 1s assumed to be uniform. Howe

strument transformer
the measurement errot of an 10 it
is a systematic error, and therefore its unc

the error limit (se€ Appendix A6.1).

equals proach, power loss 1s com-

For the conV rentional ap

puted by

P*-'i?ﬁ — I'Tih == "211‘
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Answer: The uncertainty of
ment 1§

Ui = (0176 P, + (0,071 )

and the relative uncertainty s (25.8/390)100%=
6.6%.

The uncertainty of power loss measurements e
be reduced further by using three-winding

andpotenml transformers as shown in Fig. F592

tm- ﬂlﬂ measurement of exciting current and seris |

yﬂﬂlﬁgﬁ ﬂl‘ﬂp The lnput and Output currents pas
ﬁﬂﬂﬂh the pr[mary and secondary windings of the
eurrent transformer, and the current in the Lertidry
ﬁﬁﬂingmprcsents the exciting current of the pows
transformer. Similarly, the input and output voltags
are applied to the two primary windings of (b
@tﬁﬂial transformers and the secondary winding

the voltage drop of the power transiomer
ﬁﬁtﬂlﬁﬁk\/ﬁ; single-phase lrdnsf{:rnur ThL (urné
ratio for both the C7 and the PT is N, N,y N

5
- 3-%-'1« The power loss uncertainty h} using | hfﬂ'-‘

'r- Ment and p(}tcntlal transformers can be
lﬂ a8 small a value as to that ol (he back-Ak

. which will be described next

robler ?B-u' Calculation of Uncertalnty
s = Pjy — Py Based on
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Wm«ﬁﬁa of the two 25 kVA, 240 V7200 v

e transformers are therefore 972 v 404

fe-pha’ wly (see Table 2 of [70], where the
izﬂmxuw via the back-10-back approach.

d ?:t'l" ; ﬂur! mgxmtmg current and series voltage
lﬂd mﬂf Awo transformers in series). The

‘and their error limits are listed in Table
mmmsm

wuﬂﬁw uncertainties of (i, - i), v, (v, - Vi),
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Problem 8.11: Fault-

Current Limiter
a) Umign

a Lault-curre

ent Im-"[
Indugtive current Ji o (FCL) based on the

Imiter of Fig. E4.12.7h employ-
S Sk ‘L': rnmr (€2, low-inductive shunt
g aton of potentials via Optocou-
(e.g. lh}mmr Iriac, Mf;:a;;r’:m;:'r:gu::"r i
b) Use the Fop designed in part a and analyze th
Single-phase circuiy of Fig. EA.12.1 usin YP; ':
for the parame 1S a8 given in Api!iﬁdzl:fl
Example 8,12 for » three-phase fauly occurning at
location 4] corresponding to 2 distance £ =0 'km
and a three- phase fault a1 location #2 at a distance

of either € =1 km, 4 km. or 8km from the FCL

connected in serjes with the circuit breaker (CB).
In  particular

I..-j;’.! = Zﬁ IT]H. (.--;{_'j' = 1 HF.

Cony=1001nF. Vin=159kV. L,=08 mHkm.
and C, =15 nFfkm.

Mg a current

Hall SENsSor) and

Problem 8.12: Batteries Used for Peak-power
Tracking Connected to a Small Residential
Photovoltaic Power Plant

Figure P8.12.1 shows the circuit diagram of a battery
directly connected to a solar generator (array).
and Fig. PX.12.2 depicts the 12 V lead-acid battery
and solar power plant characteristics. The operating
points (intersections of battery and solar panel char-
actenistics) can be made rather close to the maximum
power points of the solar power plant.

Note that a 12V lead-acid batlery has a rated
voltage of Vyr=E,=126V if fully charged and
a voltage of Vgir=E,=1L7V if almost empty,
whereby the voltage drops across the electrochemi-
cal capacitance Cy and the nonlinear capacitance
Cy = fiVgar o) Of the battery are zero. A voltage of
Viar = Voar o + Viiar o = 14 Vif fully charged pro-
vided the voltage drops across the ¢lectrochemical
capacitance Cy and the nonlingar capacitance
C, = fiVinr we) O battery are included.

reuit ¢ F Zram ol lead-acid battery dire

ctly connecte

(1o solar power plant
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. Mﬁmﬂm of a mtatmg sphere Mmaltchin (sol
' A ical luadg) 5:} . g DC series motor, and mechan-
e IS No needr; “¥S an important role, In this case the;ré
8 " 0T a peak-power track |
e ‘E”“ y- Rf., [k gmz], (P17-1) matching Provides inherent pealjr el ey

oW '
Steady-state operation. power tracking at

_ | The :
¢ mass of iron is solar array is governed by the relation
e = : g
Yoo =786 [kg/dm']. (P17-2) ol '“( o ﬁcﬁ“ﬂ Leal)
: ”gf inertia of a rotating cylinder ~ Where V, is the output voltage and I, is the output
- = ’ |
i :

& current of the solar array. The current Lo 15 the
. 2 p_holﬂn current, which is proportional to the insola-
,__:,E‘MT h-R [kgm?] (P17-3)  tion Q. The yalue Iy =13.6 A corresponds to 100%

2 of insolation, that is_ Q =1000 W/m?,

The series DC motor has the rated parameters
Vm =120 V, Ir.ﬂ = 92 A., Ny = 1500 pm, Rﬂ'-: 1.5 Q.

R;=0.7 Q, M,;=0.0675 H and can be described by
the relation

oment of inertia of a rotating wheel-
- -_ mh 4 spokes is

(R}, ~R;)+ %*h*b-r-(Rf,, _R3 )+
_|_ |

(R: — RY)[kem® V,—(T,/M,)"R
. - | * 1 - E m d'f s
— e - m— -

e (P17-4)

. where R=R,+ R;and T,,= M.
The mechanical load (water pump) can be
described by the relation

2y =0.50m, Ry=0.10m, b=02m,
' pﬁm wheel-type configuration the
- Eqored raiea provided the flywheel
Jheel rates = 15.000 rpm.
jopolar machine [178-182] be more
__&ﬁﬁcatinn than a synchronous
A a) Plot the solar array characteristic I, versus V, for
the three insolation levels of Q = 100%. 80%, and
60% using Eq. P18-1 with /. as parameter.
b) Based on Eqs. P18-2 and P18-3 plot the motor
torque relation (Eq. P18-2) and the water pump
torque relation (Eq. P18-3) in the angular velocity

(@) versus torque (T,,) plane.

T,ﬂ, = Tm] =A+Bwo+ I—“ =472+ UDGE.%S?&L (P18’3)

where A=02Nm, B=0.0002387 Nm/(rad/s), and
TLI =40 Nm.

:
ady-state Characteristics
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reservoir, combustor fired ejthe, by nat

or coal, a modified (without mm]"éw:’]uf:jl 2,
nd | el Bt

mﬂ a thrce-phase 2-pu]e S:"n‘:hrun“u; Tklurblrﬁ'

motok- L T
Design data are as follows:

Airinlet temperature of compresgo;.

at _.am_b'iant PIEssure 1 ain - |4me1 X
101.325 kPa(scal). ~ %
Output .prﬂssure of compressor: 11 atm = 1
1114.5 kPa. ~ Ol g
Output temperature of cooler 2: 1(pp = 37 (s
1000 psi = 6895 kPa. R
Bj;tqu temperature of combustor: ISO0°F < 108
at 650 psi = 4482 kPa. el
Output temperature of gas turbine. T00F = g
at ambient  pressure oy

101.325 kPa.
‘Generation operation: 2 h at 100 MW
Recharging (loading) operation: 8 h at 41 MW.
Capacity of air storage reservoir: 35.

97.6-10° m’ = (46 m x 46 m x 46 m).
Start-up time: 6 minutes.

power

turbine

\

combustor

e fuel

10°f's 5

and motor/generator speed: n, -

T

F) MR
b) Note mﬁ“iﬁﬁ'ﬁﬂmpmssﬂr of a gas turbine has
e Egﬂfﬂwm_,gmj t?.SO. In this case

| e COMPrESSOr is not needed because pressur-
i | | m&ﬁmmiﬁaﬂaﬂc from the underground res-
M#m absence of a compressor increases
X Wﬁﬁéﬁu efficiency of the CAES. If “free.”
)- ﬁnt’ff'r low-cost wind power is available for
wareing the reservoir, this large-scale energy
ﬂﬂmmeﬂiod is suitable for most geographic

Jocations ¢lying on either natural or man-made

B voirs. Provided the motor/generator set
'ancy Of Mmoveen = 0.9, the two air
(chargmg the reservoir) including
o coolers require an input power of

:ﬂwﬁlum : nﬂrmhuﬂnr_tur'mnc

m’: aﬁ,ﬂ the combustor input fuel must
| deliver 5300 BTU/kWh, calculate the overall
:-E *l', _.__ === Pﬂ'll!_g._tﬂ#l'&lﬂf
' SSCEEEECY ] e + 'Pj._mmprmﬂn-:-’j_nmlcn
ol I
i ."'J,I"_

S plant delivers the energy

200 ' /h per day for which customers pay
$0.30/kWh due to peak-power generation. What

is the payback period of this CAES plant if the

uf;:!_.._[_.fl is $2.000 per installed power
of | -a,*: ﬁjﬁﬂiﬂt for pumping (recharging) is

U3/kWh, and the interest rate is $3%?

| 'r".:_'._'?"___'.litian of the Carnot efficiency
the gas turbine and of the compressors you may

are av v on the Internet: http:/hyper-
tr.gsu.edu/hbase/thermo/adiab.
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| m 8.20: Design of a 5 MW Variable-
' Wind-power Plant for an Altitude of

. :';"{_Ii-;_1'31:_:]':_-:_:;;..‘_‘-‘;13: supplying the rated

S Ea= 5 MW into the three-phase distribution

DOwer 'L_-l_-_‘i_l* aj "' sts of the fﬂ"UWing:

ounded/A) three-phase, step-up trans-
nvertes ?].'Ij{?}r'_:_:- l}cﬂnnecled three-phase
‘with an input voltage of

Witk
]
J

) - Quality on Rellabllity, Relaying, ang Security

E 1 W [ [
Output AC cllfre:: ;E sach inverter delivers an
cos @ phete_mueriey dl U l}’ pﬂwaf fact.of

voltage winding of the trans-

L., the angle ¢ h
clw
neutral voltzpe e

phase current
" Nfﬂ‘-ﬂ!ﬁpr {:5\;

€quipped
diodes op

_ the line-to-
of the inverter Vi s snvener and the

of the inverter PSP SE Ze10).
1::1':111:;} three-phase rectifiers, each one
with one self-commutated switch and 6

. Crating at a duty cycle of 6=05. Note
that each rectifier feeds one inverter,

* One synchronous generator.
* One mechanical pear.
* One wind turbine.

a) Sketch the block diagram of the entire wind-

power plant. Atrated operation, the efficiencies

of (one) gear box, (one) generator, (one) recti-
fier, (one) inverter. and ( one) transformer are
N=0.95, each. Note there are N eaisier parallel
rectifiers and N,...... parallel inverters. and each
rectifier feeds one inverter. At an operation
of less than rated load the efficiencies will be
smaller. The parallel configuration of inverters
and rectifiers permits an efficiency increase,
because at light and medium loads only a few
inverters and rectifiers must be operated. and
some can be disconnected.

b) Determine the output power of each compo-
nent, e.g.. transformer, inverters, rectifiers,
generator, gear box, wind turbine, at rated
operation.

¢) Determine for a modulation index of m =0.8
the inverter output line-to-neutral voltage
Vi . wvener SUch that the inverter can deliver at
unity power factor an approximately sinusoidal
current to the transformer. N commercially
available three-phase PWM inverters are
connected in parallel and one inverter has the
output power rating Fisee = 500 kW. Wha'f IS
the number of inverters required? Determine
L e iaveries O - OD€ inverter, the IESUJUI‘Ig
output current of all Nigveass im'erter?. that 5,
Y L ivenes and the transformation ratio

= [-!*,\:_.,rj'\’r_,,] of the (Y-grounded/A} step-up

nsformer. For your calculations you _may
ideal transformer and an ideal
power system, where all resistances and leaka‘ge:
inductances arc neglected. Howewz_-r. the resis
the transformer are taken into account
calculation of the transformer.
ded/A transformer

tra
assume (one)

tances of
in the efficiency
Why do we use 4 Y-groun
Y L
configuration : | |
d) Each of the Nigwne inverters is fed by one :::(ii
phase rectifier with one self-commuted




