control of Power and
~ Frequency

41 Introduction

Although to @ ..:u*n;nn‘gmm 11‘113: contrel of power and frequency is interrelated
(o the control ol reactive power f”"—l voltage, 1t 1s hoped that by dealing with
power and l‘retgli?ncy-' separately lrupl voltage control, a better appreciation of
the operation ol pugrcr s;}-s:.t_cms will be obtained. In a large interconnected
system, many generation stations, large and small, are synchrononsly connegted
and hence all have the same frequency. The following remarks reRrmuiniv b
qetworks in which the control of power is carried out by the decisions and
sctions of engineers, as opposed Lo systems in which the control and allocation
of load to machines is el fected completely automatically. The latter are some-
umes based on a continuous load-flow calculation by analogue or digital com-
puters. The allocation of the required power among the generators has 1o be
decided before the advent of the load. which must therefore be predicted. An
analysis is made of the loads expe rienced over the same period in previous years,
sccount is also taken of the value of the load immediately previous Lo the penod
under study and of the weather forecast. The probable load to be expected.
having been decided, 15 allocated to the various turbine-generators. _

A daily load cycle is shown 1n Figure 1.2, Itis seen that the rate of nse of the
load 1s very high and varies between 2 MW/min per 1000 MW of peak demand
in the early hours and about 8 MW /min per 100U MW of peak Qema.ud
between 07,00 and 08.00 hours. Hence the ability of machines 'O mi:;casel | :
their output quickly from zero to full load is important. It is extremely unlikely
that the output of the machines at any instant will exactly t‘{““‘ ‘hf’ iﬂ::d(:;
the system. If the output is higher than the demand the Fnachm;s will t ¢
Inerease in speed and the frequency will rise, and Vice versa. Henee
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of power station pumps, fans, €1, T reduce the station output ang Serio.
‘wation arises, In this type of situation, although the reduction of |'|.m]”mu'
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will cause a reduction in power demand, \':_1“;!;1'.: must be reduced. and if iy, :
aot sufficient then loads will have (o be disconnected and continye (o be n!iql.
connected until the frequency rises 1o i r'L';isi'rrIuI.:IL* level. All utilities |i.|‘i..-L..,
scheme of planned load shedding based on under-frequency relays set 1o I'L'Llu;_-l
loads in blocks to prevent complele shut-down 1n extreme cmergencies.
When a permanent increase in load occurs on the system, the speed and
frequency of all the interconnected generators fall, since the increased ehergy
requirement 18 met from the Kinetic energy of the machines. This causes -'lhn
inerease i steam or water admitted to the turbines due to the operation of the
governors and hence a new load balance is obtained. Initially, the boilers
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thermal reserve by means of which sudden changes can be supplied until the new

finng rate has been established. Modern gas turbines have an overload capability
lar a few minutes which can be usefully exploited in emergency situations ;

4.2 The Turbine Governor
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shown in Figure 4,1
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A important feature ol the governor system is the me
Jhich the governor sleeve :‘llld hence the main-yalyve Positions can be ehanged
unl'i Eld‘ill‘-"wd L|uih: apart from when actuated h},’ the *‘-:put't;l t:himgcq _[:}";EG;
Hccmnplihhlﬂl by the speed changer, o speeder motor', s it " -‘Tlﬂmcli;.l 5
ermed. The effect ol this adjustment is the production of g family of l"‘ll‘il;l?l
characteristics, as shown in Figure 4.3, Hence the power output :'rf the
generator at @ gven ﬁpn‘:uu;l may l.*u: adjusted at will and this is of extreme
M porinee when operating at optimuom cconomy,
The torque of the turbme may be considered 1o be approximately propor-
fanal Lo the din[HL‘L‘IHL‘Ht d ol the main inlet vilve, f“!in, the E'ﬂpf‘:ﬂuin“ for
the change in torque with speed may be expressed approximately by the
gquation

chinism by means of

I' = Ty(l = kN) (4.1)
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Figure 4.3 Efiect of speeder gear on govemor charactenistics P, P, ang R Exﬂ"'ﬂk 4

outputs at various seftings but at same speed - tated 75 MVA synchronous generator feeds jts own load and Operates initially a1
An 150k ‘

ad at 3000 r.p.m.. 50 Hz. A 20 MW _[-f};td IS Suddenly applied and the sTeam yalves
nn—lii turbine commence to open after 0.5 s due 1o the time-lag in the EOVEMOT system
{ ! ]

lculate the frequency to which the generated Voltage drops before the steam fow
Ca Lfs the new load. The stored energy for the machine is 4 kW-s per kVA of generator
mee “

where 7, 1s the torque at speed N, and T the torque al speed. V: A 1S a constant
for the governor system. As the torque depends on both the main-valve POsi-
tion and the speed, T = f(d, N).

There 1s a ime delay between the occurrence of a load change and the new
operaling conditions, This is due not only to the governor mechanism byt also
to the fact that the new flow rate of steam or water must accelerate or decele-
rate the rotor in order to attain the new speed. In Figure 4.4 typical curves are |
shown for a turbogenerator which has a sudden decrease in the electrical power | For this machine the stored energy at 3000 r.p.m.
required, pehaps due to an external power network fault, and hence the retard- |
g torque on the turbine shaft is suddenly much smaller In the ungoverned

capacity.
Solution

=4 x 75000 = 300000 kW—s

Before the steam valves start to open the machine loses 20000 x 0.5 = 10000 kW of

the stored energy in order to supply the load.

The stored energy o (speed)”. Therefore the new frequency
?u;-[j.r,,e lrﬁfﬁue

/300000 — 10000
\H 300 000

492 Hz

% 50 Hz

Speed (no governior )

Torque ond spesd —_——

43 Control Loops

. - control systems
The machine and its associated governor and voltagﬂ-r§gﬂlzlgfsf?;’he uafum of
e - May be represented by the block diagram shown I“dl:ﬁlig: rChéll;!er 3 accurate
Figure 4.4 Graphs of tyrsj t _ the voltage control loop has been d:scuged dllted.‘.)' : ressionsl,as_inﬂiﬁ‘ﬂd
the foad on 5 ot r9e. electrical torque, ang speed against time when machine representation is required, involving two-axis exp i
0enerator suddenly falls 10'Chariter 3 '
Napter 2.
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F::?;rr:nr system is more complicated that that shown in Figure 4.1 owing to the
Eu:iussun of the load-angle 4 in the control loop. Suffixes relerl to reference quartities
and A 1o the error quantities. The controller modifies the error signal from the govermor
by taking into account the load angle

Two factors have a large influence on the dynamic response of the prime
mover: (1) entrained steam between the inlet valves and the first stage of the
turbine (in large machines this can be sufficient to cause loss of synchronism
after the valves have closed); (2) the storage action in the reheater which causes
the outpul of the low-pressure turbine to lag behind that of the high-pressure
side. The transfer function

prime mover torque

valye opening
decounting for both these effects is
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entriained steam constant:
reheated gain constant:

= entrimed steam time constant;
= reheater time constant.
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i Division of Load Between Generators

~ of the speed changer enables the steam input and electrical power

The UBL. 2 given frequency 1o be changed as required. The effect of this on

autput {Lfncﬁ can be seen in Figure 4.6. The output of each machine is not

(W0 mut' A,lérmiﬂ“‘j by the governor characteristics but can be varied by the

lhcreﬁ‘ff‘-, Lcraﬂnmﬂ to meel economical and other considerations, The gover-
UP“““{"% Pwriﬂlit-‘i only completely decide the outputs of the machines when 4
qor EhdrTaﬁ ; in load occurs or when machines are allowed to vary their
sudden Lr-‘lmgrding to speed within a prescribed range in order to keep the
?uilpl::lsc:cmnstanl. This latter mode of operation is known as free-governor
e

‘”'";"’;1‘“ been shown in Chapter 2 that the voltage difference between the two
cnd.:. n‘fhan interconnector of total impedance R+ X is given by

RP + XQ
>

A = E—V =

Alio the angle between the voltage phasors (i.e. the transmission angle) 4 is
given by

. XP-RQ
AVy = 7

When X 5 R, ie. for most transmission networks,

AVyx P and AV, xQ
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Figure 4.6 Two machines connected to an infinite busbar. The speeder gear of
machine A is adjusted so that the machines load equally

Hence, (1) the flow of power between two nodes is determined largely by the
transmission angle; (2) the flow of reactive power is determined by the scalar
voltage difference between the two nodes.

These two facts are of fundamental importance to the understanding of the
operation of power systems.

The angular advance of G4 (Figure 4.7) is due to a greater relative energy
input to turbine A than to B. The provision of this extra steam (or water) to
A Is possible because of the action of the speeder gear without which the
power outputs of A and B would be determined solely by the nominal

governor characteristics. The following simple example illustrates these
principles.

Example 4.2

Two synchronous \
generalors aperate e | . :
The capacities of perate in parallel and supply a total load of 200 MW.

th hines. :
deoin tsiter s ¢ machines are 100 MW and 200 MW and both have governor

c5 of 4 per cent from no foad o ful| load. Calculate the load taken by

edch machine, 4ssuming free governor action,
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Figure 4.8 Speed-load diagram for Example 4.2

Solution

Let x megawatts be the power supplied from a 100 MW generator. Refernng to Figure

48,

For the 200 MW machine,

+0.96 p.u.

4 a |
100 x
4 o
200 200 — x
4x 800 — 4x
100 200
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ol CAEHE 10 MW machine. The load on the 200 Mw Mk
i Ding

and v = 00.0 MW
= 1333 MW. |

11 will be noticed l.hdl when
total load in proportion (0 the

droops of ali turbines to be equal.

the governor droops are the same the machines 5

. Y har
ir capacities or ratings. Hence it is advant; € the

1BCOUS [y the

Example 4.3

. r # J 1 - ) ¥ 31 .
Two units of generation maintain 66 kV and 60 kV ‘lhni.] .1; !ha ends of an intercon
estor of inductive reactance per phase of 40  and with negligible resistance and shing
C - = T ; .
: ad of 0 MW s Lo be transferred [rom the 66 KV unit to the other end

sapacitance. A lo . :
cap between the two ends, including the power factor of
- 0

Calculate the necessary conditions
the current transmitied.

Salution

. XP—RQ 40x333x10°
AV. = =

sl A9 _—— — 3840V
q Vi 60000/+/3

AV : :
—— 1 _ —sind=0.101
66000/4/3

Hence the 66 kV busbars are 5° 44" in advance of the 60 kV busbars.

A 6600060000 RP+XQ 400
p V3 VR 60000//3

0 =3 MVAr per phase (9 MVAr total)
The pf. angle ¢ = tan™' O/P = 42° and hence the pf. =074
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The change in pow A :

system is kﬂmEn ;r {E; 4 given change in the frequency in an interconnected

frequency for a givii':n lnadﬂ{{flﬂs ar lh? system. The smaller the change in

characteristic mas e ; change the stiffer the system. The power—frequency
“aPproximated by a straight line and AP/Af = K, where

System Connecled by Lines of Relatively Smay) Capacity

" =

etant ( mw per Hz) depending on the governor and |oga characte
a f-

p. be the change in generation _wilh the governors Pt T
: cazlting from a sudden ncrease in load AP, . The resultant fut-m:
e ‘1 the system 0l-

4)

AP.  APg
Af Af (4.5)

[ -

sures the effect of the frequency characteristics of the load and

Pc). where Py IS t.hg turbine capacity connected to the network

put of the as:j*.m:mted generators. When steady conditions are

d. the lc:ad Py 18 equal to lhia generated power Pg (neglecting

Kk = K, Pr — K;P.. where K, and K are the power-frequency
ant to the turbines and load respectively.

Here, K can be dgtermined ;xperimemally llay connecting two large separate

tems by 2 single link., breaking the connection and measuring the frequency
S-irlﬂf For the British system, tests show that K = 0.8P; —0.6P; and lies
;E{w;ﬂ';l 2000 and 5500 MW per Hzl 1.e. a change in frequency of 0.1 Hz

sires @ change in the range 200-550 MW, depending on the amount of
olant connected. In smaller systems the f:hange in frequency for a reasonable
load change is relatively large and rap‘ld—response electrical governors have
beel introduced to i1mprove the power-frequency characteristic.

In 1977, owing to a series of events triggered off by lightning, New York
Citv was cut off from external supplies and the internal generation available
was much less than the city load. The resulting fall in frequency with time is
down in Figure 4.9, illustrating the time-frequency charactenstics of an iso-
lated powver system.

46 System Connected by Lines of Relatively Small
Capacity

Let Ky and Ky be the respective power-frequency constants of two separate
power systems A and B, as shown in Figure 4.10. Let the change in the poswer
iransferred from A to B when a change resulting in an out-of-balance power
AP oceurs in system B, be AP, where AP, is positive when power 18 trans-
ferred from A to B. The change in frequency in system B, due to an extra load
AP and an extra input of AP, from A, is —(AP — AP,)/K (the negative sign
Indicates a fall in frequency). The drop in frequency in A due 10 the extra load
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Figure 49 Dedline of frequency with time of New York City system when isolated
from external supplies (Copyright © 1977 Institute of Electrical and Electronics

Engineers, Inc. Reprinted by permission from 1.E.E.E. Spectrum, Vol. 15, No. 2
(Feb. 1978) pp. 3846)
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Sys
. the changes \n frequency in each system must be t’.‘-qual,
» hul_' %

_AP,

i m):l ‘f._-.--'_-_--_-___ — -
IQI & FL_\
F.r:‘

s g — AP
AP, +(K_-\ 3 Kn)

vstems pperaling at a common frequency f with A
¢ ne link is now opened and A 1s relieved of
and B has AP, more load and assumes fg.

(4.6)

AT ) | {wo 3 {
The connect

o freqency fa.

4 fof_ R
and Jg = Kq

KaKg
_r'_\ --IB K'g‘ S KB
suring the resultant change in f5 and fg the

(4.7)

systems are linked electrically to others by means
wer transfers between them are usually decided by mutual
is controlled by regulators. As the capacity of the tie-

e systems, care must be taken to avoid excessive

yereement and the power
ooc 15 small compared with th . stb
W;f;ﬁ of power and corresponding cascade tripping.
it

161 Effect of governor characteristics

ent of the performance of two interconnected systems in the

A fuller treatm : : :
her consideration of the control aspects of the gen-

seady state requires furt
eralion Process.

A more complete block
i 4 power system is shown In F
wquation holds:

diagram for the steam turbine-generator connected
igure 4.11. For this system the following

Msis+ Ks§ = AP — AP

siere M is a constant depending on inertia (see Chapter 8); K is the stiffness or
;‘mgmg coefficient (i.e. change of power with speed) in MW/Hz or MW per

_ d(load power) 4 (turbine power)

A sd) i 53)
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(From Economic
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— change in prime mover and load powers;

AP and AP, =
initial angular posiion;

A& = change from

R = present speed regulation (or governor droop). 1.e. drop in
speed or frequency
nee from no load to full load, expressed as p.u. or Hz

when combined machines of an area

cha
or rad/s per MW,
AP' = change in speed-changer setting.

Therefore, change from normal speed or frequency,

]
S= K AFu)
This analysis holds for steam-turbine generation: for hydro-turbines, the large
inertia of the water must be accounted for and the analysis 1s more compli-
cated.

The representation of two systems connected by a tie-line is shown in Figure
4.12. The general analysis is as before except for the additional power lerms
due to the tie-line. The machines in the inidividual power systems are consid-
ered to be closely coupled and to possess one equivalent rotor.

For system (1),

J‘r‘f|525| -+ K;S(SI + Tll(al — é:} — .&P! —= &Pl.l (48}

whe“re T, is the synchronizing torque coefficient of the tie-line.
For system (2),

MIEIEI 1 K:;:Sﬁz %+ Tufél —_ 51 )= QPE = ﬁ'PLL‘ (49}

"l.[*hhe steady*sl‘a'te ﬂjnalysi}s of two interconnected systems may be obtained from
ie transfer functions given in the block diagram.

System Connecled by Lines of Hﬂfalfvely Small

Capacity i

Governing
sySIem

Governing
g 'f'SIE m

Figure 412 Block control diagram of two power systems conniected by a tie-line
(From Economic Control of Interconnected Systems by L. K. Kirchmayer. Copynght
1959 John Wiley & Sons Ltd. By permission of John Wiley & Sons Inc.) ™

The speed governor response is given by

_l l ;
P —_— —:5 &P
ey {TGHU(R“ i )

[n the steady state, from equation (4.10),

|
AP, =—s8
| R] |

|
tﬁPl = -—R—sﬁz

.

-

Similarly, from equations (4.8) and (4.9), in the steady state,

(Kl + Ri*)Sﬁl + Ti3(0) — §y) = —A Py
I

(@13)
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- \

and

(A} +ﬁ: )553 + T12(8; = 81) = =A P

Adding equations (4.13) and (4.14) gives
| ) ( - ) ~
L= |88 [ Aa A S0 = —AP — AP,
UH-FR! ) R, f L3 (5
In a synchronous system, s6; = sd, = sd = angular frequency and equqg
[‘:IS} becomes 10
: £ i
[fq + K5 + (f\_’z + R_g_)Jsﬁ =—AP;, - AP,
and
: —-AP, — APy
Sr_ = - o
(K, + K3) + (1/R, + 1/R>) (4.16)

From equations (4.13) and (4.14),

—APL[K; + (1/R)] + AP (K + (1/R)]

Tia(8) — 8;) = :
g (K +(1/Ry) + K| + (1/R))] (4.17)

[t 1s normally required to keep the system trequency constant and to maintai
the interchange through the tie-line at its scheduled value. To achieve lh'm
additional controls are necessary (o operate the speed-changer -
follows.

For area (1),

settings, as

| + . 4
SAP; o vy, T12(8, — d3) + ¥¢89,

X P::[T.z(ﬁl — 83) + i’”sa‘l] (4.18)
I
Similarly, for area (2).
SAP) o | Tia(8y — 5,74 Y20 s |
2 X V| £12(0; = 4,) + ;-563 (4.19)
2

where Yo and y; refe
respectively. When
Power and frequen

r'lo the control constants f. Or pow
4 load change oceurs
¢y have opposite

| : er transfer and frequency,

1510 @ given area the changes in tie-line

iherease and the power transfer i SIENS, 1.e. the frequency falls for a load

ared, however, the Changes l;at:;ﬁ ':thﬂilﬂt‘:s. in yice versa. In the interconnected
g > € same sj Tl e

the following orders of magnitude: 4mesign, Typical system parameters have

System Connecled by Liries of Relatiy

vslem-capacity base 2

g.1p:u. (10 perieent of system capacity results i | rad dj
- hetween arcds (1) and (2)) ispl

(.04p.u. on 4 base

_ 0.005
_ (.0009

K
. : &
Ty dCemeny .

of system capacily

Yi
1

er systems, A and B, each have a regulation (R) of (.1

. oW 4 5 i - P i"‘gn i :
T“f}c?l':’ hases) and a stiffness K nt_ | p.u. The capacity of system A is liﬂﬁmﬁp::?i- 5 i
o MW, THELWO SYS.Cms oft interconnected through a tie-line and are initially zl \

i is i load change in s : _ |
. isa 100 MW loa g€ in system A, calculate the cha

' frequency and power transfer. nge n the steady- | Ii |

I

|

Ky =1 x 1500 MW per Hz )

Ky = 1 % 1000MW per HZ : "'i |

Af(no lead to full load) 0.1 x 60 ik

RA =Rl load capacity 1500 ‘
= 6/1500 Hz per MW \;

Ry = (6/1000) Hz per MW

From equation (4.16),

L —=AP, |
" (K, + 1/R) + (K, + |/Ry) *
E

Af

b 100

- 1500 1000
1500+T+ 1000 + —

(¥
=600
~ 17500

Py = Tia(dy — 83)

= —(0.034 Hz

_ —AP(K+ 1)/Ry)
T (K 4 R+ (K +1/R))

6 ) 10 =7000 = -6 MW
10500/6 105

If

Note that without the participation of governor control,



Frequency
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L T il i

A j 000 :
Py = ( = "_ ) AP e - 3500 100 = <40 MW
4™ e’\.r\ + Aﬂ al &k

4.6.2 Frequenc y-bias-tie-line control

Consider three interconnected power systems i ;:m.d_ L, as shown in Figure
being of similar size. Assume that mitially A and B Export
' 0

4.13, the systems th -
If C has an increase in |

C. their previously agreed power transfers. . . ad (e
overall frequency fends 1o decrease and hence _lhc generation in A, B, ang C
increases. This results 1n increased power transfers from A and B to £ These
cransfers, however, are limited by the tie-line power ::m:.llrnllt:r to the I‘FC\'ilwusi\'
agreed values and therefore in:s.'lrucum]:_; are given for A and B to reduce
generation and hence C is not helped. This is a severe drawback of what 15
known as straight tie-line control, which can be overcome if the systems are
controlled by using consideration of both load transfer and frequency, such
that the following equation holds:

Z AP+ KAf =0 (4.20)

where 3 A2 is the net transfer error and depends on the size of the system and
the governor characteristic, and Af 1s the frequency error and is positive for
gh frequency. In the case above, alter the load change in C, the frequency
error 1§ negative (Le. low frequency) for A and B and the sum of AP for the
lines AC and BC is positive. For correct control,

Y APy + KyAf = ) APy + KyAf =0

?su:m:. A and B take no regulating action despite their fall in frequency. In €
] : soative ac 1t fat g . |

) ::d!t Ihnegative asitis importng from A and B and therefore the governor

-‘!. 5 L I T hl e " -

pu € -motors in C operate to increase ouput and restore frequency. This

system 1s known as frequency-bias-tie-line

: | control and 1s often implemented
dutomatically in interconnected systems.

Fi
gure 4.13 Three power systems connected by tie-lines
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- onomic Power-System Operation
4.7

[nffaduc ”ﬂn

& interconnection ol power sources has mude th
cslensﬂ-’; most economical manner a complex subjecy
must be balanced against considerations s
e of the merit order ensures that as far ag possible the
, s are used. A knowledge of the flows of realn*fm:!
ﬁco“'?mlugwﬂf and other parameters in the network, and effective mea ¥
ceuclive Eith the analysis of large systems, is required for the ﬂpcral;l‘:li i:f
g onomic optimum, although experienced operators .certainlt;

© Operation of g
(see also Chapter
uch as security of

Iy, The us ; N2
ol gcncrulmb' sel

eall &
jain an €

couch this an. L
;lFFr:E wadays. the use of digital computers for load flows and fault calculations

e development _ni' npllimiz:uliun lccl.flniquq.;:g in control theory have
and 4 in much attention being given to this topic,
rcs:;ltirl trom financial co nsiderations, it is becoming difficult for operators 10
copcp\'»'“h e infnl‘m‘j‘li““ .prmj;ccld bj.-_" large ff:n‘mpllex systf_ms i“. Fimﬁﬁ of
gmergency. such as W_!ﬂ’_l major fau ts. Computers W‘Ilh nnflme facilities can
more readily digest t!us information a.nd tul-;_e. correcting action by instrueting
control gear and settings. or by the :auuabfh: dmplg}r of relevant information to
snable human operators 1o .tulu.:e a.pprnprmle action. In the attempt to obtain
e0onomic optimization the imitations of the system, such as plant ratings and
(ability limits, must be nhsm"ved. |

Optimization may be considered n a number of ways according to the time
wale involved, namely: daily, yearly (especially with hydro stations), and over
much longer periods when planning for future developments, although this
tter s not strictly operational optimization. In an existing system the various
fctors involved are the fixed and variable costs. The former includes labour,
sdministration, interest and depreciation, etc., and the latter, mainly fuel. A
major problem is the effective prediction of the future load whether it occurs in
[0 minutes, a few hours, or in several year® time.

For operational planning, daily operation, and the setting of economic
schedules, the following data is normally required.

s For each generator:
maximum and economic output capacities;

fixed and incremental heat rates:

\
2.
3 minimum shut-down time:
4.

minimum stable output, maximum run-up and run-down rates.

L
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. when allocating load to generators for optimum economy as it

qge0Us . in the fuel costs of the vario - .
For each station: . ad"jnmb {es difrﬂr‘:ncf_ﬁ.m al fuel - UHS generating stations.
i o lorific value of fuel (thermal stations); m‘:‘ﬂmra h:z sraph of incremental Tuel cost against power oulput can be
=3 ("} - Y& y 1 . . * - . '
B 5 ational performance of the syay: l"“a“}" l d:hy' a straight h“e_{ F1gur§ 3-19). Consider two turbine-generator

: o’ > /AP d
; : e Pt the . : ; { | an
tween loading and unloading successjve Benerayqy,. jl hﬂ“nghefe C, is the cost of the fuel input to unit number | for g
> . W e Sradte. (Ol L vel -

on output. dt"z.-'dP:' of Py. and. SimlaEly; ;' ang F“. FARLS 'O umit number 2. it js
o0 : load the generalors to meel a given requirement in the most

ired “;' anner. Obviously the load on the machine with the higher
conomica be reduced by increasing the load taken by the machine with the

3 mnimum ume be

4 any constraints on stals

o For the sysiem.

. load demand at given intervals for the specified period; df’r.diiz; :;li p. This transfer will be Tneﬁc_‘ﬂ; u;: til the values of dC/dP for both
2 specified constramts imposed by transmussion capability; lcﬁ:f: e equal, uherf\-'hlt-hj l:li:-‘:ﬂ:;‘: ‘;‘;d Zi;::zﬂﬁ':?h::egfrf dC/dp now
3 running-spare requirements; immes the one fm:.rz tth t;an%fer of load. ' 2o the cc&; ;:E;’:DHEEZE
3. - : & < .
4 (ransmission circuit parameters. including maximum Capacities apg jdvantage dl(n"f dlj;rﬂ therefore gives optimum economy; this can be seen by
reliability factors. 4C, /8P = FiéUfe '4.15. The above argument can be extended to several
can:‘jqenﬂt": ﬁ,ing a load. Generally. for optimum economy the incremental
The input-output characteristic of a turbine 1s of great importance whep Tff*a‘:h‘llis:;::i?d' ht:fdg;”ffiﬂ for all a"umn'bmmg_rurbme-generamr sets on free-
economical operation is considered. A typical characteristic is showp in fuel €03 -action- [n practice, most generators will be loaded to their maximum
Figure 4.14. The incremental heat rate is defined as the slope of the nput- governor
output curve at any given output. The graph of the incremental heat rage ufput bove reasoning must be modified when the distances of generating
agamnst output 1s known as the Willans line. For large turbines with 2 single The e the comr;mn loads are different; here the cost of transmission
valve. and for gas turbines, the incremental heat rate is approximately constan; statmns_from (EE Bt Rt
over the operating range (most steam turbines in Britain are of this type): with 10SSES TMH aftcet _ lhe: transmission losses is the optimum method of trans-
multivalve turbines (as used in the U.S.A.) the Willans line is not horizontal i e d :tiwrﬁz centres to the generaung stations. The trans-
but curves upwards and is often represented by the closest linear law. The value porting fuel S 1he_F I';C" el:';r:x-' and fuel In The Gptii;ium manner forms
taken far_ the ineremental heat rate of a generating set is sometimes complicated port of bc.:th ele;; " “-hjcl;:-ﬁlav be dealt with by special techniques or by
because if only one or two shifts are being operated (there are normally three wransportation problems., ¥ cramming. In a competitive situation the
shifts per day) heat has to be expended in banking boilers when the generator is the general method of linear programming.

not required to produce output.

Instead of plotting incremental heat rale or fuel consumption against power
outpul for the turbine-generator. the incremental fuel cost may be used. This is

transportation costs will be included in the generator bid price.

{1)

Heal npul

ﬂﬂu&s /Ao | -

i2)

-

o

ac
Incrementol fuel cost ( a‘ﬁ'

B R e I S —

b
c

08
Figure 4,14 | Oulut oy of rating —
_ Nput-output characteristic of a lurbogenerator set. Often the curve Sy ey tor tWo
IS ~ . -oost-aalnsl wmfﬁf
Mmaximum rating at 1 P and :lﬁepe_ f than the remainder and the machine has @ %-4—.15 Idealized graphs of incremental fuel gatik ._

Machines sharing a load equal to P; and Ps

Eiecincol power oulpy! pu —=




120MW, and p,

184 Control of Powe? and Frequency

e

s

gl

-

Example 4.5

Four generalors arc available to supply a power system peak lond of e e
0 ! _ P AT Lo )5

o each generator. and maximum output, is give The

cost of powel () from [N i % n

C(P,) =200 + 15P + (.20

C(Ps) = 300 + I?P: 4 ”I“pg
C(P;) = 1504+ 12P; +0,15P;
C(Py) = 500 + 2P; 4 ”-“?Pi

Max. output 100 MW
Max, output 120 MW

Max. output 160 MW
Max. output 200 MW

The spinning reserve is to be 10 per cent of peak load and the Lransmission lo$sag
: : ]
be neglected _ : .
Calculute the opumal loading ol gach generator and the cost of operating the g, [
. Yétem
for 1 h at peak.

Solution

The generators’ combined output is to be 472.5 MW.
Marginal costs are given (in UL.S.S/MW) by:

dCi(F,)
= 1540,
= 40P,

dC(pP,)

o .:',f 11
5 174 0.20P;
dC(Py) o
_E’T_ = 12 4 0.30P,
dC(Fy)

— = D A
df’4 + J'.I-'”’,,

P, < 100 MW
Py < 120 MW
Py < 160 MW

Py =200 MW

The marginal cost curves are plotted in Figure 4.16
their maximum autput.

for eachof the generators up to
From the curves, at 30 SIMW the outputs are

Py =123
P =64
Py = 60)
Py =200

T(}till — 14? Mw
Hence. P,

runs at full .
AL40S/M aniglapd

the remainin ralOrs mus -
W the outputs sy E gencrators must sum to 272.5 MW,
sum i . i
OMW and ‘P:‘:‘*ﬁ MW, At 41 S/MW Py reaches its maximum of

98 MW (61

Tllii lﬂavﬂ [45
from P and Py.

Econornic Power.

/ 2Ystom Operation g5

BO |

SMP 44 US, S/MW
40 p===" 3

Marginel cos! (U.S. S/MW)

5 A0 80 120 160

!
200 MW
Generalor output

Figure 4.16 Marginal cost curves for four generators

Adjusting the marginal cost line now (o MSMW provides 4 MW from P, and
(s MW from Py, giving 2 total of 472 MW, which is near cguugh when using this
graphical method. The 5pinnir}g reserve on these generators is 108MW, more than
;nnugh (o cover 10 per cenl ol 472.5MW.

The cost of operating the system for | h at peak 1s

C(P) = 200 + 15 x 44 + 0.2 x 44 = §1247

Similarly
C(Py) = $3780
C(Py) = $3195
C(Py) = 33700
Total = $11922
Le
"
11922 _ 5595/MW
472.5

il as
(Note; This is the average cost per hour whercas the marginal cost Was *:zl;ﬂ;l;::dw
HSMW. It can be seen that the use of large units on hase luadm(lﬁa#;& v
generator) reduces system marginal price (SMP) considerably (see CRAPEEEZE
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for thermal stations

Kirchamayer (1958) uses Lagrangc multipliers in lormulating Cqugg
grehama) Sl < 9

mncluding rransmission 10sses.
Let
p. = power output ol 1 (MW)
Py = total load on system (MW)
P= rransmission losses (MW)
Fr = total cost of generating units (money/h)
) = Lagrange multiplier ((money/MWh)
n = number of generating units
The total input to the system from all generators Py 3" | P, and
n
(Z Pl =P, —Pr=0
r
Using Lagrangian multpliers, the expression
. 1
}’=FT‘_;~(ZP-_PL — Pg
1
is formulated, where for minimum cost (F7). dy/dP; = 0 for all values of i
(Note the use of partial differentiation here.) This is given by
dy dFi P
.P: —}.‘i‘:&_ L:(]
0 / dPJ (}P,
sinee Py 1s assumed fixed. Hence
dP,  “ap, — © (4.21)

I.:.1 equation (4.21), aPy /3P, is the incremental
solving the equations described by
method in which cquation (4.21) f

Ay e T -‘
¥ (3.21) is known as the penalty-factor
IS TEWTILlEn as

dF, |
a'ﬁ L= A (4.22)
where
L = ( s 3
e— UPL/'?HP,) = penalty factor of plant /
where j =

‘ ot (number of lants
difficult and e use of the s[;-cal?) n practice the determination of 82, /0P, i

C ] » ..o - ’
d loss or * coefficients is made, 1.e.

sl

472 Basic formulation of the short-term optimizatiop, Prop
L €m

“Iln|,‘-

transmission loss. One way of
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HPI i
: coefficients are determined from the network (see Kirchmayer
. the
wher® hacks to the above treatme Imitat
938 many dr;w-_bALLb to nt e.g. imitations on power

There A€ ¢ ratings lrapsfnrmcr set'u.ngﬁ‘ and maximum phase angles
e y € jsﬂ‘? LrAnSMISsSIon lines on stability grounds. Also. it is concerned
able aCres -

e POWT, reactive power being neglected or taken into account
“,i[h ac

:.mlj-r y W flows across defined group t_mundurn‘:ﬁ,
% miting 't any particular period i1s known as ‘system lambda’ or

“The value D, priCEq (SMP).

5 computer Control of Load and Frequency
.

4.8.1 control of tie lines

ontrol of area power systems connected by tie-lines has already
;. woced: The methods used will now be extended to include optimum

heen discus ell as power transfer and frequency control. The basic systems
econqm}’ as “l ;cal of U.S. and European practice and have been compre-
d"‘*“?'bed all'e‘u);i}e(j bv many authors. In the previous section, methods for
hens‘l\'ﬂl;{ fh[:hrsis and optilﬁizatiun as developed by Kirchmeyer (1958) have
Ziiﬁﬂigx;::iriéed. The choice of generating unit_s..to be operuted’ 15 large.:l}’
decided by spinning reserve. x-oltage‘ control, 51:113111‘11.*._ and protection requir-
nents. The methods discussed decide the allocation of load to particular
ma;:l?lltrt;missinn losses are to be neglected, it has been shown that optimum
sconomy results when dF;/dP; = A. C pnlrol equipment to adjust Ehe gOVernor
speed-change setlings such that all units comply with the appropriate value of
dF /AP, 1s incorporated in the control loops for frequency and power—transfgr
adjustment, as shown in Figure 4.17. The frequency anfi load-transfer G“F‘E“’F
acts quickly, and once these quantities have been dec:df:d the slqwer g@tm_g
sconomic controls then act. For example, if an increase in load occurs 1n the
controlled area, a signal requiring increased generation transmits through th_e_
control system. These changes alter the value of A and cause the economic
control apparatus to call for generation to be operated at the same mcremeqta]_
cost. Eventually the system is again in the steady state, the lma‘d chang_e having
been absorbed, and all units operate at an identical value of incremental IGS_IS_-

If transmiission losses are included, the basic economi¢ requirement calls_i'm:':
AF/dP; = A /L, where L, is the penalty factor; (1/L;) signals are generated by a
tomputer from a knowledge of system parameters in the form of lhf; m&“@f’-
B coefficients. However. in practice, most generators are bemg run at their

Automatic €
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' l Rﬂquiﬂ'hnq signal
' B | | % Sety |
' | ; |
: Areo requirement ' ;p:::!iﬂel :
Economic load:
. Controller | Tele'me’& 1 = M3 &quipmen) I
[ T—
a"':d e  Inferchange I f"on,-,ﬁs r:ﬁ ™ =g |
grroe %!ro;, |
: . | "9 ser &N
| | |
| Metered nel | }
rn'tfchm —
L A |
L —— s |
Ay e ——

theruhng sholions

Figure 4.17 Schematic diagram of automatic cqntrul affaﬂgements Covering
frequency, tie-line power flows, and economic loading 011 generating sets (From
Economic Control of Interconnected Systems Dy L. K Kirchmayer. Copyright
1959 John Wiley & Sons Ltd. By permission of John Wiley & Sons Inc.)

maximum rated output because their cost 1s below the system ). Only a few
units on the cost margin are setting the value of A.

Inthe U.S/A. the many separate power companies are connected into power
pools. The aim is optimal control of the participating machines in each pool,
within security constraints. Figure 4.18 shows a block diagram of the New
York Power Pool. Among the advantages of such pools are; the more eco-
nomic use of large generators, emergency assistance o neighbouring utilities,
reduced spinning reserves, and lower overall generation costs. Each pool is
connected to athers by tie-lines, e.g. the New York Pool to Ontario Hydro,
New England Power Exchange and the Pennsylvania-New Jersey-Maryland
interconnection, Control of the generators in the pool is achieved either cen-

trally or from each of the constituent dreas (Le. area control centres) as indi-
cated in Figure 4.19

The central control mecha
and the systems of Figure 4.
Allocation between gene
accomplished by the use
The former gives the eco
they are normally estab
When the Eeneration all

dctual values being gene
bon factor (K ) for

nisms for pools are basically the same as for areas
17 may be used with ‘pool” substituted for ‘area’.
ralors in an area, or between areas in a pool, may be
of base points or loadings and participation factors.
nomic allocation for g specified total generation and
lished every few minutes or when loadings change.
ocations are established they are compared with the

fi rated and a contro| error formed. The unit participa-
o) 10T &0y unit (n) in the pooj is given by
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l
/On‘ﬂ;n-;dfn ‘\

PASNY
(St Lowrence) New
_._/1 Englond
P
Niagaoro Niogaro Elcohz?:qa
Mohawk Mohawk (NEPEX)
{{:Eﬁ'fnl} '1305'”
A
.
N e Central
New York Sto d
Electric ond Hudson Consol-
Gos idoted l
Edison
& i
Rockland |

l:”’, L-Par'lnsylvuniﬂ. Jersey, Maryland (PJM)

: ' | ithin the New
. showing the eight power companies rm | '
Figure 418 Block d!agrraﬂ:;1 other pools that are interconnected with it (Copyright

th ; : :
York Power .POOI}?‘SC trical and Electronics Engineers, Inc. Reprinted by permission

iom | E.EE- Spectrum,

c

Area
computer

computer

.area pool (Copyright ©

flgure 419 Multicomputer configuration formed by a five ted by permission

1973 Institute of Electrical and Electronics Engineers, Inc. Hﬂf;”"
oM IE.EE. Spectrum, Vol. 10, No. 3, March 1973, pp. 54-61)
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pe of the incremental cost curve for unit ». S
The above method may be extended with
replacing that of the individual unjtg: the
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w o

I ‘ “H j':. .
r for unit #. ek the
C”mh_ﬂ

the p{ml centre are.
units. Area base poinis arc the sum of the unit hage o 45, )
0}

he economic area ::Hocgtinn for a specified tta
geperalion. This s achicved by xa njultl-arca_ dispatch program which i«
every few minutes and accounts for limits on ””?r.l:h'“"gﬂ and tie-lines d'-; i
as 1fn: gsual paramelers. In this case the additional pool gcncr;uu;n I(;:j"
1)

required between updating base poinis is allocated among areas accordip
the area participation factors defined as follows: e lo
¥ = AP,
o — Ly
AG

where F, 18 the slo

penalty facto
of areas from
turn, control the
that area and represent |

i
nis “'j

i ﬂ'f,lui

where AP, 1s the power allocated to area a. The electric capacity of SOmMe pog|
5 = 0ls

sches the cap: »s of state-run centrally controlled s pp IAni7AL

aches the Ldde‘lf!utf i Y lled su 13’ ”"gdmzulmn;.

appro
in many countries outside the U.S.A.

In the UK. following privatization in 1989/90, the England and Wale
transmission network is run on a pool basis into which generators {inc]udinh
contributions [rom Scotland and France) bid a price for their electrical eper g
for the following day. The pool then computes an economic schedule of gegn}_
eration from a load forecast for the following day, predicting the system 2 price
for each half-hour if the schedule 1s adhered to as planned. Although ‘-ﬁm;
producers may be required to provide a variable output to cover reserve::; ﬁnd
ccnnt_mgenci::ﬁ. Consumers can vary their requirements depending on the SMp
as displayed over an information network to (mainly) large users and other
interesied parties. Many generators, now belonging to a number of indepen-
d}fﬂl power producers (IPPs). can be directly instructed through le]::-cunlrdi by
:: ;n S’ﬁﬂ);if;ﬂ:}pﬁ;ﬁﬁ;ﬂ L:: i{sr:}fup. shut down. . L'n" run at a part lnaui.
the day and ‘l;ighl by the :vsl' Cmerm-lled i iO.ﬂS}Tiz‘ throughout
e ) t:m‘ operator, who has cnmp[ctfz _u;:innnalmn at
S g rﬂugh the System Control and Data Acquisition (SCADA)
system. Chapter 11 describes the use of SCADA and Chapter 12 outlines the
economics of Pf.ml-l}*pc SRRTatas, - napler 1Z outlines the

Problems

41 Two identical 60 MW sync -

seitings on the machjnTa“a r?;yﬂthirﬂnﬂua gfneralors operate in parallel. The governor

tno-load 1o full-load percent. blic'] Ih_al ey have 4 per cent and 3 per cent droops

machine for 4 tota] or I(H]h:g‘h’t' &hpecd drop). Determine (a) the load taken by each

10 be made by the specdor me: (0) the percentage adjustment in the no-load speed
motor if the machines are to share the load equally.

-y L™ T P ——
)
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MW; (b) (1,83 per cent increase in no-load speed on the 4

{ power of a turbine-gencrator operaling in & constant
(led by adjusting the settung of the governor. Show the
) aeralor power frequency curve,
offect on l;clﬁt-;t-l:'::; El"% MW and gﬁl?t‘l’u‘tfﬂ: 13 {L-E‘ rating 350 MW have governor
Geoerd o ¢ per cent and B per *—"—'“F r'-'*'-"'ﬂ“'-“‘*flibf- “‘“m no-load 1o fu_llf'mad. They
droops ol - 'u ply 10 an mnlutc_d system whose nominal frequency is 50 Hz. The
only s Fencl‘ﬂlm speed is 3000 r.p.m. Initially, generator A is a1 0.5 p.u,
Gndm% gJthr::rr B is at 0.65 p.u. load, both running at 50 Hz. Find the no-
jaad a0 ﬂn{f;‘ﬂch generalor if it s I]i.‘sﬂt’inrittlt:ti from the system.
speed O (he total outpul when the first generator reaches s rating.
Also méfnerumr B 3156 r.p.m, generator A 3075 r.pm; () 337 MW)

[Anﬁwﬂffi Fxamination, [996)

. W thﬁ ﬂlllpu |
;p]iﬂncv 5}’5“‘”“ s conlro

determ

()

(From E CE o _ . . .
mental fuel costs of two units in a generating station are as follows:
The INCTe :
ﬁ dfy _ 0.003P, + 0.7
d Py
df2 _ 0.004p; + 0.5
dP;

and P is in MW. -
ous running with a total load of 150 MW calculate the saving per

sing the mosl economical division of load between the units as
‘th Joading each equally. The maximum and minimum operational loadings
me for each unit and are 125 MW ur}d 20MW.

— 93 MW: saving £1.14 per hour)

“hﬂcFls 1n L :
ASE ined by U

d for when applied to generator scheduling?
e generators. The functions relating the cost (in £/
hen operating each of these units are:

s the merit order use
is supplied by thre
tput (in MW) w

Ci(P) = 0.04P] + 2P, + 250
C,(P5) = 0.02P; + 3P, + 450
C1(P;) = 0.01P5 + 5P3 +250

44 What
A power system
hj (o active POWET ou

The system load is 525 MW. Assuming that all generators operate at the same
marginal cost, calculate:

(4) the marginal cosl;

(b) optimum output of each generator;

(¢) the total hourly cost of this dispatch,
How is the economy of operation of the power System balanced agamnst secunty

requirements for all demands?

(Answer: () £10/MWHh; (b) P, 100 MW, P5, 17SMW, Py, 250 MW (<) £4562.5/h)
(From E.C. Examination, 1997 ) 4

:‘SI wo power systems A and B are interconnected b
"Hjuency constants Kx and Ky MW/Hz. An increase in loa

y a lie-line and have power-
d of 500 MW on system A
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ot of W from B to A. When the tie-line i<
o sawer transier of 300 M ) f INe is ope
ragi is 40Hz and of system B S0Hz. Determine the v PEn the p,

dlues 2 I i:-"{-Il.lul--l )
formulae used. KX ang &f}
500 MW/Hz: K750 MW/H2) b

of system A
deniving ai}
(Answer: Ay

46 Two power systems, A and B, I.::u*ring capacities of 3000 and 2
ively. are interconnected through & tie-line and both operate with frequency.t: - Pec
line control. The frequency bias for r:_uuh. area Is | per cent of the system ’ff-}'-hlgghll- &
0.1 Hz frequency deviation. If the tie-line interchange for A is set at l{j][}h.n,“,""ll’ﬂi:‘rt}- Ber
sel “nmrmﬂ]}.; a1 200 MW, calculate the ﬂlr:ud}'-ﬁ_ta-ltc change in i'rt.‘.qucnc}- and for B i
(Answer: 0.6 Hz; use APy 4+ 0,Af = APy +0gA/) !

100 hl“". e

4.7 (a) (1) Why do power syslems operate in an interconnected arrangeme
(i) How is the frequency controlled in a power system? b
(1i1) What is meant by the stiffness of a power system?

nt?

(h) Two S0Hz power systems are interconnected by a tie-line whi
1000 MW from system A to system B, as shown in Figure 4.20. ,:\I'terlf
of the line shown in the figure, the frequency in system A incre
while the frequency in system B decreases to 49 Hz.

h cﬂrﬂu&
he Oltage
4ses o 50.5 4,

1000 MW

Figure 4.20 Interconnected systems of Problem 4.7 (b)

(1) Calculate the stiffness of cach system.

(1) If the systems ' |
& Systems operate interconnected with 1000 MW being transferred from A to

B, calculate the flow n i
Bowi A the line after out; : :
(Answer: (b)) K\2000 MW, Ha, Ky 1000 MW e i) (RlR e oo T
rom, E.C. Examination. 1997) i MW)

i ! e FEET " .

‘1 mtrodUCtIOI‘I
imate relationship between the scalar voltage difference between
The apgg’ ?n q network and the flow of reactive power was shown in Chapter 2
(wo ne
be

i RP+ XQ

AT (2.9)
\[so it was shown that the transmission angle 8 is proportional (o
!

XP—-R
T = (2.10)

For networks where X' >> R. i.e. most power circuits, A}, the voltage
{{lTerence, determines Q. Consider the simple interconnector linking two
wnerating stations A and B. as shown in Figure 5.1(a). The machine at A 1s
n phase advance of that at B and V/, is greater than }5; hence there is a flow of
power and reactive power from A to B. This can be seen from the phasor
disgram shown in Figure 5.1(b). It is seen that Jy and hence P is determined
by /dand the value of 7, and hence Q mainly, by ¥, — V5. In this case ¥} > F5
ind reactive power is transferred from A to B; by varying the generator gxcita-
lions such that ¥ > ¥, the direction of the reactive power is reversed, as
shown in' Figure 5.1(c). Hence, power can be sent from A to B or B to A by
suilg?ly adjusting the amount of steam (or water) admitted to the turbine, and
fetve power can be sent in either direction by adjusting the voltage
Lnlii:]:;l ‘ctl’es. These two operations are approximately indepcndenl.af gach
dently.of l:;i: R, Hﬂfi the flow of reactive power can be Sllldl'.’."t'j almost indepen-
difference exisf?rm flow. The Phasn'r diagrams show. that if a scalar voltage
ene e sacross a largely reactive link, the reactive power flows lowan:!s

= 0Llower voltage. From another point of view, if, in a network, there s
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v?
V IX
= %
ES G ! w
; (i '\\\ P

“w

(o]

generators interconnected. (b) Phasor diagram wh
en

re 5.1 (a) System of two .
Figu @) ts of /. (c) Phasor diagram when V. = v,

V, = Vs. Iy and l, are componen

4 deficiency of reactive power at a point, this has to be supplied from the
connecting lines and hence the voltage at that point falls. Conversely jf lhEl'::‘
is a surplus of reactive power generated (e.g. lightly loaded cables Eenerate
positive vars), then the voltage will rise. This is a convenient way ﬂfcxprcxsing
the effect of the power factor of the transferred current. and although ma;,
seem unfamiliar initially, the ability to think in terms of var flows, instead of
exclusively with power factors and phasor diagrams, will make the study of
power networks much easier.

If it can be arranged that O, in the system in Figure 5.1(a) is zero, then there
will be no voltage drop between A and B, a very satisfactory state of affairs
Assuming that ¥, is constant. consider the effect of keeping V5, and hence the
voltage drop AV, constant. From equation (2.9)

Vs-AV—-R-P» . R
: :A—fP: (5.1)

where K is a constant and R is the resistance of the system.

If lhiﬂs value of O; does not exist naturally in the circuit then it will have (o
be obtained by aritificial means, such as the connection at B of capacitors or
inductors. If the value of the power changes from P to P2 and if V. rem::.nim
constant. then the reactive power at B must change 10 05 such that ; |

0~ 0; = —;(P;: — P;)
Le. 2 P— , _
hnwz:f:.?i;c;i;rﬂz:z; CdUSCs an ’nﬂfﬂﬂﬁ_t‘ In reactive power. The change,
veltage can be controlled :30 {[ﬁ/’f‘”; “’hlch_ Is normally small. It is seen thal
of the correct sign. Other yml;: ';Uﬁ:lmn into the network of reactive power
voltage are the yse o “- ods of @ more obvious kind for controlling
Ol tap-changing transformers and voltage boosters.
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The

d Absorption of Reactive

5:2' Power . , . - -
. ¢he previous section, © review of the characteristics of
findings in the P int of reactive power IS now appropriate.

or absorb reactive power. The limits on the
1 14. The ability to supply reactive

i sircuit rat /synchronous reactance) as the
pghslll}f jocs, ed by the short-circuit ratio 1: R e s oo
el 5 Jetermill ower axis and the theoretical stability-hmit line in Figure
PLTﬂ“Wbctwegn lh]*-l‘; the short-circuit ratio. In modern muf{hmea the vgl.uc of
dliii*ip'ﬂ orliona for economic reasons, and hence the inherent abilily to
Ko is made oW 19 4 200 MW 0.85 p.f.

- 1S arge. For example,

' ver factors 1s not larg 4

pert leading F’”:_ cent stability allowance has a capability of 45 MVAr at
(st ! e - 3 : .
i e var capacity can, however, be increased by the use of

age regulators, as explained in Chapter 3. An over-
_ hine, i.e. one with greater than normal excitation, generates reac-
euited MACHES derexcited machine absorbs it. The generator is the

st an un 3T | S
to the system of both positive and negative vars.

sperale
d to gene O |
I g . can be s€en in Figure

52.2 Overhead lines and transformers

When fully loaded, lines absorb reactive power. With a c.:?ur’renl [ am.peres fgr a
lire of reactance per phase X( Q) the vars absorbed are I°X per phuse. Qn light
loads the shunt capacitances of longer lines may become predominant and the
lines thén become var generalors.

Transformers always absorb reactive power.
quantity may be obtained for a transformer of reactance

load rating of 3V - I yieq-
The ohmic reactance

A useful expression for the
Xt pu. and a full-

£A Vo XT
fmlud
Therefore the vars absorbed
-_—_3.;1.V‘XT
"mlcd
- [-Ve e (VA of load) R
V) e Rated VA
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52 3 CBb’eS

POWer factor implies

e B d reactiv -
. which IS more dClive pPOwe

appreciable than

the require -
Ire :
M TS 1s shown § € Extremes

- n Figure 5.2

UHIII Ihﬂt - ¥ - re ?‘-4—. 1"]-“3‘]": lh 5 . .

gtﬂtfd [{}r FDU"'EI '-Jclﬂr iq h 'redﬁ“lc ]ﬂqse
» ODlained

Example 5.7

In the ¢
radial lrans :
ASmissio
SV S¥slem g

Vollage by
=< ases shown . _
MUSt Operage nand 100 My A

Solution

Relation Between Voltage, Power, and Reactive Power al a Node

P

P+0Q 0.5
:'_I.-:_'Q_‘tf_iﬁz 5~ 0.1

= 0.025 p.u.

P=2+05=25pu.
0=15+0025p.u.
= 1.525pA.
) loss 10 975 kV lines and transformers

5 52 4 1§25
= — +.,! L 0,07

= 0.6p.u.

The I°X loss In the large generator-transformer will be negligible, so that the generator
must deliver P = 2.5 and Q = 2.125p.u. and operale at a power factor of 0.76 lagamg. It
'« seen in this example that. starting with the consumer load. the vars for each circuit, in

(urn, are added to obtain the total.

53 Relation Between Voltage, Power, and Reactive
Power at a Node

The phase voltage V" at a node is a function of P and O at that node, i.&.

V =¢(P.0)

The voltage is also dependent on adjacent nodes and the present treatment

assumes that these are infinite buses.
The total differential of V.,

daV
d¥'=3p aQ

and using
ap v aQ v _
e and ==
gy oP a0
etk d@ (5.2)
dV = Gpjar)  (@@/av)
2) that the change in voltage at a node 1s

[t can be seen [rom eq_uratiun (5.
defined by the (wo quantities

P\ (1),
(’a'i? i av
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"—-—-_.________,.—-— B —
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rn I‘_‘ltd- 1.]1*: Ilntb \'ITII.I.ILLPL‘ ‘_"' ].‘n' ':I”ﬁ ["'t"![l'l*l' II'\ i
(4]

1l veid

Al rircular 83 _ | _
i e the reactive voll-ampere ijection requi
I

(L V, calenlate the magnitude ol
eriy . original voltage.
estiibligh the ongina

The pu values are expressed on 4 SO0 MVA base and resist

(hroughout

Mina| Virlyp h

“”l_‘f ma
Yy I."rL*
' Negle
= .tlnj

Solution

The line diagram and equivalent single-phase circuil dare shown in Fip
It 15 necessary (0 determine the value of dQ /01" at the node or bust
current ﬂm-.-mg into a lhru‘-ph;l.ﬂ' short-circuil at M 18 "Jllllirm.-d

The buse value of reactance n the 132KV circurt 1s

ures S 4 and § «
WE M henee ”;L.

1327 % 1000

e namtts 2l 35
SO0 0010) 3282
Therelore the ling reaglances
jay 1,43

The equivalent reactance from M 1o N = j0.5p.u.

c
275Ky

Fl . W
gure 5.4 Schemalic diagram of the system for Example 5.2

valent single-ph
), = as g
hapter 7 € network with the node M short-circuited 10

Figure 55 Equi
loC

or {
ull explanation of the derivation of this gircuit)

neutral (refer

.

reqd i M s ¥
S e,

Methods of Vollage Control: (i) Injection of Reaciive P
Ower
i &
-
!‘.’.”1“ MVA al M

I'Ifﬂ"'—t’ the

500 .
aadr p A 100D MVA

J the fault current
ﬂﬁ I'j‘"‘ w Il},r.

— 43R0 A at zero power factor lagaing

- I3y e G
ghown that A0 [ /(3)dVy = three-phase short-cireuit current when 0
« and line values en Oy and

Oy
——=T6MVAr/kvV
TH X
The nutumi voltage drop al M= 5kV. Therelore the value of the injected vars required
AOw: 19 offset this drop '
= 7.6 x5=3BMVAr

5.4 Methods of Voltage Control: (i) Injection of
Reactive Power

The background o this method has been given in the previous sections. This 15
the most fundamental method, but in transmission Systems it lacks the
flexibility and economy of transformer tap-changing. Hence it is only used in
«hemes when transformers alone will not suffice. The provision of static
capacitors to improve the power factors of factory loads has been long
established. The capacitance required for the power-factor improvement of
loads for optimum economy IS determined as follows.
Let the tariff of a consumer be

£4 x kVA 4 B x KWh

A load of P, kilowatts at power factor ¢, lagging has a KVA of P/ cosgy. If
Fhm power factor is improved to cos ¢, the new kVA is Pj/cos¢,. The saving
is therefore

| |
R (cus ¢, COS q!:r;)

The reactive power required from the correcting capacitors

= (P, tan¢, = P tan 1) KVAT

- - . nstalias
Let the cost per annum in interest and depreciation on the capacitor msta,“ﬂ”

tion be £C per kVAr or
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\\

LC i”| tang, — Pl lan lfh]

The net saving

i I ] | T
_ ti[»! P (‘}E\? 14 31:.:;}_) = CP(tan ¢y — tan g, ]]
SP)  COs s

This saving 1s a maximum when

d{saving) .

dp,

1.e. when sin ¢» = C/A4.

[t 18 interesting to note that the optimum power factor is iIndepende

nt of
the onginal one. The improvement of load power factors In such g Manner
will help to alleviate the whole problem of var flow in Lhe transmissiop
system.

The main effect of ransmitting power
follows. Tt is evident from equation
mined by the reactive power (Q). The line currents are la rger, giving Increased
IR losses and hence reduced thermal capability. One of the
the artificial injection of reactive power is
four methods of injection are available

dl non-unity power
(2.9) that the voltage drop is |

at the loads themselve

S. In generg|,
. Involving the use of:

L. static shunt capacitors;

2. static series capacitors;
3. synchronous compensators:
4

current compensation by series Injection,

5.4.1 Shunt capacitors and reactors

Shunt capacitors are used for lagging power-|
are used on those with leading power factors such as ¢re
cables. In both cases the effect is to supply
maintain the values of (he voltage. Capacito
Lo a busbar or to the lertiary winding of
dalong the route to minimize the losses ortunately. as the
voltage falls, the vars produced by a shunt capacitor or reactor [‘1]1-‘ 1-;; }: d: :L
ngedud most, their effectiveness falls Also, on light Joads when‘lh‘* 'HT'“* ']L'r!
high, the capacitor output 1s large and (he voltage tends (o rse tL:*U llb‘-’ *ﬁ
levels, requiring some cdpacitors or cable circnits to be mvilcha;:d u{ulkt.:‘:tf Slj L]
overvoltage relays. Switched capacitors in parallel with semicunducljr-::::

trolled rea::_lurs provides modern variable var compensators for fast co |
of voltages in power systems. ¥ FOntro

dCLor circuits. whereas reactors

dted by lightly loaded
the requisite reactjve power (o
'S are connected cither directly

4 main transformer and are disposed
and voltage drops. Unf

lactors s a8
argely deter-

obvious places for
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Vs (without capacitor)
Ve = IX-

Vs [with copocitor)
(X, = Xe)
J'. vﬂ

Ve (b)

e 5.6 (a) Line with series capacitor, C load. (b) Phasor diagram for fixed Vg
Figure 9.

5.4.2 Series capacitors

: : Foes stors and are used to reduce
Tl wre connected in series with the line cnm:iut.,t.-z-r:-,d.m;l1 all'cad Aisdiiinas
25€ « : g : v el I
]“- inductive reactance between the supply pomnt an tsgorl circuit current
t-ile-h-u:k is the high overvoltage produced 1wh§n‘i-; & et A De acarDa:
' e 5 - ST 8 = e VICCS
’Ihh:wu; through the capacitor, and special Qrfti:ll}t;l : :_-. T e
' 2 - -linear resistors. S g
1(a ark gaps) and non-lin s
rated (e.g. Sparx gaps) & R 11 )
with a series capacitor is shown in Figure 5.6(b)

series capaci av be summarized
The relative merits between shunt and series capacitors ma;
1e rele :

as follows:

- all S€.
: eries capacitors are of little u
‘ ad var requirement is small, series capacit frracthae
[. If the load vi line current is small; hen

: SLOTS duction on % A
With series capacitors the re little advantage is obtained and

[IIL[ l ‘- | -‘ | 'u[renll
l l L I L [4 i l n be UJ‘Ld

-2

es capacitors are effective: also,

e v Tiiting factor, Sern
3. If voltage drop 15 the limiting otc., are evened oul.

. = - arc ﬁ.lfﬂii'l:‘ﬁu L . ,
voltage Auotualolis ELELR ors are very effective and

1s hi series capacit
4. If the total line reactance I high, series cap

stability is improved.

5.4.3 Synchronous compensators

- (S actaldl
motor running without

R 111 . +
op- {5 Synchiros itation, it can absorb ar

” Sl“ e -
A synchronous (COTRE] ding on the value of exc

: en
mechanical load and. dep
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To AVR 415 Vsupply
rhjﬂ '-‘-'T! ,1
c8 ~ Eorthng To AVR
/-? 1ronsformest
i
. Ht‘h’i
,—L ) e o~
/[\ Synchronous
cCompensalar

6E kv

Figure 5.7 Typical installation with synchronous compensator conne
(delta) winding of main transformer. A neutral point is provided by the
former shown. The automatic voltage regulator on the compensator is
combination of the voltage on the 275 kV system and the current outp
droop 1o the voltage-var output curve which may be varied as require

earthing trans.
controlled by 3
ut; this gives a
d

gencrale reactive power. As the losses are considerable compared with static
capacitors, the power factor is not zero. When used with a voltage regulatdr the
compensator can automatically run overexcited at times of high load apd
}1nderfxcrled at light load. A typical connection of a synchro
s shown in Figure 5.7 and the associated voltage-va
Figure 5.8. The compensator |s .
then sychronized.

A greal advantage
Ait]?:.:mgh the cost of such installatic
justified, ep. at the receiving-end b
lransmission at power facto
rotatng machine, its sto
turbances, including

nous compensator
. I output characteristic in
full up as an induction motor in 2.5 min and
18 the flexibility of operation for all load
ns is high,
usbar

| conditions,
I some circumstances it is
B nf a long high-voltage line where
pe 58 .thdn HNILY cannot be (olerated. Being a
-2 energy 1s useful for rid; ' '
Ing through trans -
vollage sags g £gh transient dis

544 Series injection

With the deve
devices.
Chapter

lopment of high-power. high-voli4

imncludi , £¢ semiconductor- -

9. iny ':f pulse turn-on and turn-off (c.g. IGBT. 44 dl}:m]”t;”?d
- f{: E .' i » » ." 5 i 3 . . .1 ¥ -.‘-.

el s are now being designed and constructed h gl

. ECIn series with a line whose angle can . oo that can inject

the phase voltage. This is G-,

equivalent tc
except that Ve is not conf;

cted to teﬂiary
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Figure 5.8 Voltage-reactive power output of a typical 40 MVAr synchronous com-
pensator

and dependent upon the /Xe voltage nise. _Such'a fregu!atm", known as a
Universal Power Controller (UPC) is shown, in principle, in Figure 3.9. *

It can be realised that if V; is at 90" to the currem_L Fhen no energy 1s
required from the source. At any other angle, energy 1S either drawrt I'l:om
the system or required from the source. Must' co:qwemently‘,, the source 1:-*1.5;
transformer connected to the system busbars [@mg a rectlﬁe.ul‘, frjartnh wh ;1
a sinusoidal injected voltage at the desired magmrtude and anglf: 1? sizr e::z- 1-:
Alternatively, the source could be a §l0rage device (batft:erry. t;pf:cyn *ma.febe
conducting energy store, etc.), in which case some :fuxlllary cha ni g i
necessary, but peak lopping of even uninterruptible power may
provided.

5.5 Methods of Voltage Control: (ii) Tap-Changing
Transformers

: . ‘ in
The basic operation of the tap-changir.lg tran‘slur}tlner lil;las :?:llhilsszfutddaw
‘hanter 3: by changing the transformation ratio, the VOIAEE 1f L
(,.hd[.?lclj S x-d and voltage control 15 obtained. This constitu |

QeI e vdm-d.d read form of voltage control at all vollage le'.-'e S, -
pupulur‘aﬂd aiapy r;tinn of a radial transmission system with t._w? -fﬂ}
hc“'.‘s'd?;a:fm?,ﬂirs as shown in the equivalent single-phase circul
changing ¥
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Power Control
. electranics input

(©)

e

‘h_ Locus of ™
constant V.
Vs (without :'l
injeciion];

Figure 5.9 Principle of Universal Power C

ontroller for series injection. (a)
diagram. (b) Phasor diagram

System

Figure 5.10. Here, l; and 1, are fractions of the nominal

transformation ratios.
I.e. the tap ratio/nominal

ratio. For example, a transformer of nominal ratio
6.6 to 33kV when tapped 1o give 6.6 to 36 kV has a I, —36/33 = 1.09. Vi and

¥ are the nominal voltages; at the ends of the line the actual voltages are 7. V,

dp-changing ratios required to com-

in the line. The product r.7, will b
made unity: this ensures that the overall vo

and that the minimum range of taps
(Note that all values are {0 per un
Transfer all quantitites Lo
(R+iX)/6z: V. = ¥1,
V.= Vit..

e
ltage level remains in the same order
on both transformers 1S used.

I; 115 the off-nominal tap ratio.)
the Joad circuit. The line impedance becomes

_ and, as the impedance has been transferred.
The input voltage to the load circuit becomes 1/
equivalent circuit is a5 shown in Figure 5 '

p'z -_—

6V £ 06V —4rp .y ¥

Methods of Vollage Control: (1) Tap-changfng Transformers

R!JX

Ial-® o 1Py )

v:(‘é‘) *

I | dial transmis-
inati hanging transformers inara |
| ; a) Coordination of two t.ap-c _ : - e
:ilc?: :;ks(::a? ar(u:I) (c) Equivalent circuits for dealing with off-nomi p
Single transformer. (c) Two transformers

y ues of V- for a given V.
: are alues f!gfl' IV

> (I T there are two va

Hence it I_,, 1S SpﬁClﬁEd.

Example 5.3

. At
KV transformer from a constant 11 kV supply. A

na 1 fe han 11/132 . , S er of nominal ratio
AL ls*hd Ihr{ﬁie x'ﬂilﬂéf is reduced by anul}l & tranaiﬂ{‘; kV is (25 +)66) 2.
el e [h: Illr;;lpcdunce of the line and translormers at 13-

132/11 kV. The tota

: ilities which are arranged so lhﬂ‘:
are equipped with tap{hang.ng fafglll;sazlzﬁ the system is 100 _M'w
Both transformers df’ﬂ L?}‘.nnminﬂl settings is unity. If the resuired 15 B A
the prochigh ol g m{; T late the settings of the IEP-C[];:]HET:; -
, . lagging, calcula atbase of | |
3:)1?112 r:f;l' lhﬁ.:luad busbar at 11kV. Usea
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Solution

The line diagram is shown in Figure 5.11. As the line voltage dr
compensated, 1), =V, = J12kV = I p.u. Also,

op is (o he con
HWIMVAr, e 1 +0483p.u.

Xt =1 The load |

Using equation (5.7)

L= 305 - 1) £ 4,002 — 400,14 % 1 4 0.38 x 0.48))}
= ff-_'r.r_;frf— 1.28)
R=6Y =7 - 1.28)

HEHL‘E.

= 1.21 and h=1/1.21 =0.83

These settings are large for the normal range of tap-changing ransformers
more than +20 per cen| ap range). It would be naecessary, in this system. 1o i
the load end of the line Lo maintain the voltage at the required valye.
It is important to note that the transformer does not i
and also that the current in the supplying line is increas
countries with long and iInadequate distribution CIFCUILS, it js
the received vollage by a variable ratio transformer
the power required increases, 1J
supply circuit current by the
stll further unyj) voltag
this chapter,

(Usually pe,

to bopst

S0 as 1o maintain rated Voltage a5

nfortunately, this has the effect of‘incrcatﬁing the Primary
transtormer ratio, thereby decreasing the primary Voltage
¢ collapse occurs. This will be considered in more detail later i

"’2"'32 ky

The Usual practica arrangement is shown in Figure 312, where the
Winding of 4 three—uindfng transformer g {:onna;:.:ted o a
Eiven load conditiong ; t1 lermine the necesg
ratios with certain outputs of the Compensator.

' Tepresented by (he €quivalent star ¢
Vior V; 1o the Lransf

| ormer can he lumped
ch impedances. Here, 1, is the phase voliy

nt eireuit in which Condary impedance

tertiary
tompensator. For
ary transformation

E€ al the star

ﬁhﬁ%ﬁmﬁ““ﬁa,

1plerey,,
S 1) M “,'

nined Use of Tap-Changing
com
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Compensolar C

(a)

(b

igure 5.12 (a) Schematic diagram with combined ta
Figure 9.

P-changing and synchronous
compensation. (b) Equivalent network

aching zero and hence is neglected. Resistance and losses are negletledi_
4P pr?hmﬂbie ranges of voltage for ¥, and V; are specified and the values o
;heél Py, and Q; are given; P; is usually taken as zero.
FL 21 3» o -
The volt drop ¥, to | L

or
o= x, -9
AlVp = 4p V3
‘ ars. Also,
— TR = /(3)V,, and @, is the total vars.
where V7 is the line voltage = /(3) | %
A= Vi3

(Va4 AR H AV =)

ed) and
(see phasor diagram of Figure 2.22; phase values used)

. Q"' . -x-: })i: — [.-;.!

PR+ X000+ XaP3 = Vi

' = J3)V
where V), is the line voltage VBV,

2 R e ._, 2 AY 0)s) — 4 - X:P%‘l
" J 2 3

10§ ily found. The procedure
| he transformation ratio is easily foun
Once I/ is obtained, |

le.
18 best illustrated by an examp
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\

A three-winding grid transformer has windings rated ag [ollows: 13911

TS MVA, siar connected; 33KV (line), 60 MVA, star connected: 1] kv flmg; 4% {lingy

delra connected. A compensator 1s avatlable lor connection 1o the 11 kv = ME’;\.
The equivalent circuit of the transformer may be expressed i the form D:}:'

windings, star connected, with an equivalent 132KV primary fedctance of ﬂlhruu

neghgible secondary reactance, and an LKV tertiary reactance of 0,08 p.u. ‘b”llll ‘_'"F"U :

expressed on a 73 MVA base). Valyes

Example 5.4

Wind, n

In operation, the transformer must deal with the following extremes of loading.

Load of 60 MW. 30 MVAr with primary and secondary voltages Z0Verned h
limits 120kV and 34 kV; compensator disconnected. ¥ the

2. No load, Primary and secondary voltage limits 143KV and 30 KV: Lompensator
wperation and absorbing 20 MVA 4101 1n
operation and absorbing 2 Ar.

Calculate the range of tap-changing required. Ignore all losses.

Solution

The value of X, the primary reactance (in ohms)
= 0.12 % 132° % 1000/75 = 1000 = 27.8 ©
Similarly, the effective redaclance o the

il lertiary winding is 18.59
CIreuit s shown in Figure 5,13

The equivalen; star

The first Operating conditions are as fallows:

Py =60MW 0, =30 MVAr Fip = 120kV

B0 MW

——

Ty
-

Figure 513 Systems f
or Exampl
(b) System with loading condition 299 >4. (@) System vith loading condition 1

g d Use of Tap-Changing Transformers and Rea
¥ ilalias

ctive-Power Injection 211

Hente,
T :—lﬂ_ll:'..”'U'-'}”! —2 % 278 % 30 % ]“h}

) 4 W,
£ 1 /[1200007(120000° — 4 % 27.8 » 10 « 10%) =3 52782 60° ¢ 102

A

"')H}" — 124.4 % |0

e

v =111kV
The second set of conditions are:

Vi = 143kV Ps=1 Qs = 20MVAr

Again, using the formula for V|
Vi = 138.5kV
The transformation ratio under the first condition

= 111/34 =327
and. for the second condition

138.
‘_3—0— — 4,61

The actual raio will be taken as the mean of these extremes. i.e. 3.94. varying by £0.67

or 3.94 & 17 per cent. Hence the range of tap-changing required is =17 per cent.

A further method of var production is the use of adjustment of tap settings
on transformers connecting large interconnected systems. Consider the situa-
tion in Figure 5.14(a), in which F, and ¥, are constant voltages representing
the two connected systems, The circuit may be rearranged as shown in Figure
5.14(b), where ¢ is the off-nominal (per unit) tap setting; resistance is zero. The
voltage drop between busbars

Infinite busbars
(o)

|—-§ x/r* |
i

bg D.;Xr Ir:}‘I' J
(b)

Figure 5.14 (a) Two power systems connected -via_a tap-change transformer.
(b) Equivalent circuit with impedance transferred to receiver side
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# rl'
(5)--3
f [

SVt <1501 = o,

nl =l *,*l () when V., = V, =
Also, Oy = 1] - 15, where § = short-circui level, j.e j":; \ When

a flow of vars into 1

<1,

I > 1.

Oy is pPositive, 1.¢

Ur 18 negative. 4 MMow of vars out of 1
Thus, by suitable adjustmen
reaclive power is obtamed

The idea can be extended 1o 1wo L1y

If one transtormer js ¢l to
1108 (4 ¢

Lol the tap Selting, an

msformers in
an olf“nominal r
"10pposite directions).
round 1he loop, resull

siagger” and 1x

Parallel between
40 of, say, 1:1 |

Culation of reactive
absorption of vars. This

APEnsive method ol v

and the
then a cir
g an a net

18 Knowp q
d “omparatively jne

4r absorption.

.7 Booster Transformers
It may be desir
atan intermed;
rmmfhrmcm
Here, booster
can be hrnug}”
A, and ViCe ver
controlled from

able, on lechnc
ale point i
Or the syste

al or cConomic g
a line rather than

0 may not w
lranxl‘hrn‘wra

mto the
8d. The g
4 chang
sitive.

Ith tap-ch;
€Xpense of tap-chang
Figure 3.15. The boo
et by the clogyre of relay g of
nechanism by which the relays aIC operated can be
Cin either the Voltage or the curreny The latter method
'S the more yep, a5 from no-load g full-loaq '€presents a 10n per L't:ﬁl
Change M current, by, only in the order of 4 10 PEr cent change in voltage This
booster EIVES an in-phage boost, p i
nomic gdy

vesan } , as (.!UE?: d lap-chunging ransformer. An eco-
AaLage is that the rating of the booster

5 the prodyc

ing,

Ster
B and the openin

fl'l",lrurr;rrt”'ﬂ ———

dPpropriate mj::ulmn of

ned Works
Other Loy
pt,j!lﬂrur u:.'uur.a

ias 'I;jp_

e —
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| voltage, and 15 hence nnlg ah_nut 10 per cent
d the i"“""';; ”qwr%-ilft often used in distribution feeders
¥ sformer. Boo | : arranted.
I‘n”‘“.,liir’l"l?“_'”‘: transformers is not wa
'|'|[
'_chi”]b -
p

of that of 2 main
where the cost of

prample e

= - o T | W S. lf’. L‘
hown by the line diagram in | ‘Hl;tl :
iaie ) ¢ . |
[p the qysten s of £ 10 per cent in 10 SIEps 0
ange .
e tap 1
have

ach of transformers Taand T,
t needed on translormer 7, (o share
v hOOSs -
\‘.I'I“i-lgt

Per cent. 1408 required oy find the

he power flow equally between the
o 1nes

vstem data is as follows:
The §) o
All transformers: X¢ = 0.1 p.u.
Transmission lines; R= R' =0

X =020 fr,
X =0.15pu.
I;.B — l-{-J[{L

All 1o same base

lf‘.l,‘ — I]ﬁ_

Solution

WC

. u_&- I.U&_

= ,2397 = 0.2397
i0.40

1.1/5° ~ 1.0/0
f_!I'

10.35

= (0,2740 — j0.2740

Vi
V 33 kY
33132 kv 1323

T =
T - .}

R K —D~+—0O)
E, a

Ey

R+ X L
Fola)

101 j02

Y.

with voltage boost Vi acting

'
|
'
!

|

h for Example 5.5. (b) Equivalent network |

ine diagram of system for Ex "

Line
Figure 5.16 (a) '.

|
d
b

|

L
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Anv boost by transformer T will

regulators on the generators.
; ze the currents, a circulatin
To equalize the <

/

LI

s in Figure 3. 16(b), siving
is required. as in Figure 3.16(b), ¢

D.0343 —

, - F to be held const; :
bars because the voltages 1y and Iy are assumed 1o be held constan by the
bushars becau .

\

cause a current to circulate betwe

g current

f:';l

3

SRS _ 0.0241 /— ase

“_' r" —_— ",

taps to gnve 1.8 per cent boost. In practice,
in-phase boost (such as obtainable from a

boos] ¢

phase circulating current, thereby

This technigue has also been used to de-ice
tor heating,

5.7.1 Phase-shift transformer

A quadrature phase shif
5.17(a). The booster arran
only; 1L is repeated for the other
ing phasor diagram is shown
boost ¥y indicated. By the
several values of phase shifi L

Example 5.6

In the system shown i Figure 5,18 it IS re

“onstant voltage. The range of taps is
Cdpacitors connected to the lertiary windi
being referred to d& ISMVA bgse:
33kV, 2 = (0.0304 = 10.0702

For the three
and the resulting
equivalent circui
The voltage ac

line |

-Winding transforme
equivalent star mp
referred 1o 33KV s shown |
ross the receiving-end load

To acheve this boast, ideally 7'y should be equipped with a phase chan

boost (abtainable from a phase-shift transformer—see nex J
networks it should be noted that because of the generally high X/R ¢

IVES mise 1o a quadrative current whereas g quuu:‘ir;uu_n: boost
: adding to or subtracting from the re

Alternatively, two transformers in paralle
/”X absorption under light-load. high-volta

can be achieved by
gement shows the injection
Iwo phases. In Fi
and the nature of th

use of lappings on
may be obtained.

quired to Keep the
ot sufficient ang 1!
Ng. The data 4rc as fi

): £y referred (o 33kV

r the Measured
edances 7,

i =

1241 /- 45 x 1075
' ] Boost — L]‘[I"JI"——JL s i
= 0.0180/45° I

8€r 01 45° qn4
4 fap of 2 per cent would be used ip e

ither
normal tapped transformer) or a qu

ddratyre
dnSmission
atio, an IN-phase
produces ap In-
al power flow.
extra /°R losses

| can be lap-staggered (o Produce
ge conditions.

t section). In tr

lines in winter by producing

the connections shown in Figure

of voltage into one phase
gure 5.17(b). the correspond-
¢ angular shift of the voltage

the energizing transformer,

nominally 11 kV bushar at
IS proposed to use shunt
ollows, per uni quantities
_ OHL (overhead line),
Side = (02 4 509)0
Eimpedances between the w
£ and 2y dre pive
n Figure 5.18(b),

6km, F1Smm

indings
N'in Table 5.1. The
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00 o iy
: : (o)
L e
B

5.17 (a) Connections for one phase of a phase-shifting transfnrmer. Similar
Figﬁ:ﬂio‘ns for the other two phases. (b) Corresponding phasor diagram
con

33 kV (constan!) Tﬂ’ﬂlé]ﬂgzqe !
[ G , ~+Lood IOMYA DBt logging
| & |
A 8 C
{a)
0363-078L
F i S0
22+)5220 0.214+{322 | L_‘;_?
—{  +—1 }—3
A | & 1A -HWE
z, Ctjds} J= i
A Z 2, .
y 10 MUA
e Tertiory|, | i1 OBptlegging
ioed | ad

(o)

' twork—referred to
Figure 5.18 (a) Line diagram for Example 5.6. (b) Equivalent ne

33kV
33000 __
=- =Al
== i
where
A RP+ XQ
AV, = i ﬁ
377 x 8/3 % 10% + 12,64 x 6/3 x 10
(SR 33000/+/3
X 4

ik A R

i

— e

.
o
—

— -
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T

?ﬂl!a.gn Collopss
— - : o e wmr"ﬂﬂ ol il I pglinne Iltr- il Ihllii N Lo o
' . 1 - |
0% - #/1
d (7 (52 | m

; Liri il MVA Villlig fLu # WL F Z (1))
s (kV) referrod Lo an 15 MVA relerredd 1oy

WE L I-'I l"- ’i.’l‘l‘ !'! L lr"

MVA

Eauivit, AV ULEXT)
rolatred i O3 kY

kv V, 1834 % 6,032
'

12.426kY ( ¥ e
000K ¢ 40} OR 4 1) A7 47,0 P

2 o AV h S8 Jindl there s no need to lerate further
G005 4 00598 001054 ). 179 076 ¢ 4,42 1,363 A$ 2

].'” “ﬂ i'l"!l'lllq! '[; ll l" t'} Ill |t' l'.J' L ti'r rth] i'lq:_”! . -
7 : ey syl

I.l'l ‘ i E.-§ .
h Ih*j' fl |' l ” 'I"l IJ ' JJr 14 i '1- ;H.T {.“_’l‘- I-ip’ I;'l'l!'t!f‘l W}“hh s *Vil " “.
GO0 4 100175 00126 4 00525 D015 4 J12T 054! anid leaves room for lond merenses. On noeload S .

1"
y e 1 kY the (raanfs

) j"l' 11 IhI, ll'-i“i“'

O 2 0 % 1819 w (8 |
§ 5 kY

) 3

I8 I

As 1 relerred to the 33 KV base s nol known because ol the system volt drop, 13y 19 LAY KY (phase)
is wesrrned initislly. The revised vilue 18 then used and the process is repeited,

74 4 28 28 | . The shunt capal iLar I'-. i comutani Illlipvt_hlhu::_a foviadd dand hence e ;r_‘ rises the current
J\ l { l LV j “l'fl' ‘.I .l'*r‘ l i I ||I '.-':“, 'r.. l’ U 'ikl'll il""l'ﬂ-}'-'il l'-I”'J”H-’ lll"*illr 'ftlll ll“' II-H-'-J_'
' Y 111

g effect imitially
fgnanng thig elle
Fh-j-u-;.hup the calewlation Tor A F", with the new V, ;

Ve {9 4 16w 206%Y 'I'_I'h;.lr'“'i
111 % 8/3 % 10" 4 12,64 x 6/3 » 10"

K1)
TEIT | K9 kV

On the HEY sitle
'I-r I‘ H"}kv “”":}

V: w10 189 = 1711 kY therelore the tap chunge will have to be uf least 7,05 per cent, whieh i well vathen the
{ 13 - “fe . ‘

' ‘! : anue, F o refinement in the vislue of ¥ will be unpecessiey. 1 an securate vishie of
A¥mlS anicl Vi w 17.1kY cange, Further

Vo s required, then the reactance of the capacitor must be found and the current
i re iR
Fhis will be the Hhnal vilue of 1V,

_ evilunted,
Vo veferced 1o 1RV 17 1/3= 57 kV (phise) or 9.9kV (hine). In order to maintain

LEEY ul €, the n.'H.iFH‘ I% rased hf.l lFljl']JHIj.F 1]”|_1,rH 01 l|l“‘ trnnslarmes ”‘EHIH ”II" hl“
Finge of “l e went. i ;r ;'} 'fx 1|“. ,‘.““”}“__, at I

58 Voltage Collapse

9.7

aren kY

Phe troe voltage will be less thian this as the primary current will have increased by Chapter K. As the voltages to be maintained 1n tii H‘j'-'illt‘fﬂ are infiuens
i . : i (] i i 1 i : A Ee ! : f ; . = T 5, » 'r'j“l 161,
”.“ .“ *'"‘,h”w of the change in tesnsformer ratio, 11 is evident that the fapechanging aystem stabiity it 15 "m”“n”‘"." I”. Uisels !hL: ﬁu[flhl’ in fined (1€ an infinite
branslormer s nol uble Lo mitntam LEkY af C and the use of a static capacitor eon Consider the circut AaWi in i'l}{llf'.f ’i W‘d}.- L fact ﬂiﬁ s *‘w
neated 1o the tertiary will e investigated, bushat "UPI"l}’}: (he l””l"h 5] VI! ARAInst P for given puwt‘.r'agn .
in Figure 5.19(b). In Figure 5.19(b), 2 n_-prc:cnlh;hfu:';"ﬂw
: ¢
160 km long, double-cireuit, ‘"“”fvr _zf’”m:‘ f’;;: ;:f ower 1y casily demon-
LAVA A B/3 w107 4 13,42 % /3 1) AL A0 VT 6y 0! gl bt M- l'I‘Hv' :::duf thix cireuit, Av the lower
Vil 19k V) strated by considering the Iun:l'?""'ml e ":]ucc the power. The seasonal ther
0,587 bV voltage o very high current in taken 10 F‘;‘?I " apparent that {or louds of powes
o \ il “the line are ywn, and 1118z ing |
Vs o 19 < 0,587 w 18413 KV (phase) mak ratings of the line arc i ¥ito e that, before the thermal rating
AV i factor less than unity the possibility exials X haructeristie where
AEN D00 and Ve 1B.394KY - be on that part of the €A
* reached, the operating power may be o

e SRR T S T

[ e
J""un.ﬂ.mh.r l.f shunt capucitor of capacity SMVATr (the capicity of the tertiary)
ssume the tranaltrmes i ; _ :
ne the Lransformer to be af ity namingl fatio 33/11kV. The valluge drop
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I —1.——-—-—-——-—-__..——_ —
e ————
i -

o r ' ey wth rl:tn-l-ﬂ:-'i‘ﬂ i
et @l '_- » =tobe :
Fateg l |-1¢ g r .l

l als G 30 wed

Figure 5.19 (3) Equivalent circuit of a line supplying a load P+ jQ. (b) Relation
begtween load voltages and received power al cnnﬁtantlpnwer tactpr for a 400ky.
5 » 260 mm? conductor fine, 160 km in length. Thermal ratings of the line are indicated

small changes in load cause large voltage changes and voltage instability will
have occurred. In this condition the action of tap-changing transformers is
interesting. If the receiving-end transformers ‘tap up’ to maintain the load
voltage, the line current IMCreases, thereby causing further increase in the vol-
tage drop. It would, in fact. he more profitable to ‘tap down’, thereby reducing
the current and voltage drop. It is feasible therefore for a ‘tapping-down’
operation (o result in increased secondary voltage, and vice versa.

The possibility of an actual voltage collapse depends upon the nature of the
load. If this is stiff (constant power), e.g. induction motors, the collapse is
aggravated. If the load is soft, e.g. heating, the power falls off rapidly with
voltage and the situation is alleviated. Referring to Figure 5.19 1t is evident that
a critical quantity is the power factor; at full load a change in lagging power
factor from 0.99 to 0.90 will precipitate voltage collapse. On long lines, there-
ore, for reasonable power transfers it is necessary to keep the power factor of
transmission approaching unity, certainly above 0.97 lagging, and it is econom-
ically justifiable to employ var injection by static capacitors, synchronous
compensators or UPC close by the load.

A problem arises with the operation of two or more lines in parallel, e.g. the
system shown in Figure 5.20, tn which the shunt capacitance has been repre-
Sﬂn‘lcd a5 10 a o section. If one of the three lines is removed from the circuit
e s
2C from 3C. Thuys l‘h Sapw 1;*::;: }1 u:i‘lrlrm_’es the power factor, decreu.ses lo
RO ATAR foas o th 1 s :ﬁ; rop is greatly |nurt:asl;ﬂd anqd. owing 10

A - the decreased generation of vars by the

_ Vohtage Colfapse

Infinie Bustiar

_L_l_c_H" L—‘“ﬁl-

¢
[4

5
A

==

£q

(=

Lood EL

Fgure 5:20 Line diagram ol three long lines in parallel—efiact of the loss of one
Iinge. G = local generatg.-g

chunt capacitances. the power fa{:t‘m decreases; hence the possi-bilil? of voltage
instability. The same argument will, 0_[ course, apply to iwo hm‘:s in parall&}.

Usually. there will be local genemlton‘ﬂr.cmmpensfatmp feedu}g the receiv-
ing-end busbars at the end of long lines. I'l this generation 1§ alec.mcaﬂy close to
the load busbars. i.e. low connecting 1mpe:dunr:e A a fall in vﬂll_uge will
automatically incredse the luca_l var generation, and tltus may be sufficient to
keep the reaclive power tra nsmitted low enough to avoid large voltage drops in
the long lines. Often. however, the local geqﬂralora supply lower V{?ltage net-
works and are electrically remote from the high-v_nltage busba_r of Figure 5.20,
and Z, is high. The fall in voltage now causes little c%langr: in the local ge:-
erator var output and the use of static-controlled capacitors at the ll::‘ac‘li ma: el
required. As Z 15 inversely proportional to lhe. three-phase sjhurt-n..m.mt eug-
at the load busbar because of the local generation, the reactive-poOwWer capfml.
bution of the local machines 1S pmpnrtiunul to this fault level. When a static E;
synchronous compensalor reaches 118 r;ued1 limit, voltage canJﬂq é:ﬁ;dm-
controlled and rapid collapse of voltage can follow because any :#:ﬁmﬁy.ﬁier
by the load must now be supplied from sources further away siectncaliy &
the high-voltage system. :

In the UK. and some other countrics wber o oddosmless
extant, many generators are SOME distance rwm'red (o install Tocal
Consequently, the transmission System operator IS requil caotory voltage at
flexible var controllers or compensators 10 m‘mnilau_\' a sat;s[éms L ﬂﬁgiﬁlb
the delivery substations supplying the local d:sl_nbuno.n 5Y pia :  absorplion
controllers, based on semiconductor devices which can vary e vat e

o ‘unbundled’ systems are now
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. regctor or generation in a capacitor, dre Lii'],l':d FACTS (Flexible d.e
'Il[t ‘:'_I*:miﬁﬂiun System). These are discussed further in Chapter 9. '
r;_ar .,-Lp,'c;d‘l v.-alu;ﬂ'ﬁ of compensation required for a 400KV or 500kV networy

arc.
Peak load = 0.3 kVAr/kW absorb
Light load = 0.25 kVAr/kW generate

5.9 Voltage Control in Distribution Networks

Single-phase supplies (o houses and other small consumers are tapped off from
three-phase feeders. Although efforts are made to allocate equal loads to each
phase the loads are nol applied at the same time and some unbalance oceyrg
In the distribution network (British practice) shown in Figure 5.21 an 1] kv
distributor supplies a number of lateral feeders in which the voltage is 420 v
and then each phase, loaded separately. ,
The object of design is to keep the consumers’ nominal 415V supply within
the statutory £ 6 per cent of the declared voltage. The main 33/11kV trans-
former gives a S per cent rise in voltage between no-load and full-load. The
distribution transformers have taps that are only adjustable off-load, and a

Main distributor

AL
s AN /0.42 kv

Off-load 1170.92 kv Laterals
fap change ’l\_“'

420V

IH r'f JB Fﬁ ‘Y

HATTTT

Consumers

-—

——

(b) ‘idx

Figure 521 Line diagrams of typical

—

(R + |X) £ per unit length

radial distribution schemes

.

ohase voltage ol 250V which 15 4 per cent hi

pical distribution of voltage drops woy

6 per cent; 11/0.42kV transformer, 3 per cent; 420

qsumer circuit, 1.5 per cent; giving a total of {75 per :

cont: cog S cont.of full load) the corresponding drop may be | s very light
load “] Ee drops, vanous voltage boosts are employed as fo|l ‘e el
offset UL;S per cent (zero on hght load); distribution
formers ent (1.e. 250 V secondary) plusa 2.5 per

! 4 perc cent bo
ostof + rull Toz i . 008t These add
bo0? 4 total boost on full load of 11.5 per cent and on light load of 6.5 per

10 & Hence the consumers’ voltage varies between (—17.5 + 11 3),ie. -6
et B 5) e, +5 per cent, which is just permissible, There s ars.
L4 in consumer voltage depending upon the position of the I:f ]
main distributor; obviously, a consumer supplied from C :*?ﬂ-

nce
on the ‘
feeder oltage than one supplied from B.

have a higher ¥

5.9.1 Uniformly loaded feeder from one end

with high load densities a large number of tappings are made from
nd a uniform load along the length of a feeder may be considered to
der the voltage drop over a length dx of the feeder distant x metres
from the supply end. Let i4 be the current tapped per unit lf':-nglh and Rand Y
be the resistance and reactance per phase per metre, respectively. The length of
he feeder is L (m) (see Figure 5.21(b)). |

The voltage across dx = Rix dx cos ¢ + Xix dxsin ¢, where cos ¢ is the power
factor (assumed constant) of the uniformly distributed load.

The total voltage drop

[n areas
feeders a
exist. Consl

L L
— R J ixdxcosgp+ X ] ix dxsing
0 0

B 5

5 i il
— Rii—f}-coscp-t- .)il-,}—Sll"itf.'

LX =
= E,‘Efcns¢+Tf_sm¢

i —_—

ormly distributed Joad may

] — : ad. Hence the unif
where I = Li. the total current load re of the feeder length.

be represented by the total load tapped at the cent

9.10 Long Lines

' : . exceed the inductive vm
On light loads the charging volt-amperes of & line F;r st s

consumed and the voltage rises, causing problems
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n can be massive A length of 1500kny o s

;:wh:ngth line. Series capacitors would nn_‘“"l;
power capacity and these effectively ahnnlim*’“.‘-'
actors are switched in eircunt al u‘Ln the

long hnes the voltage dro

corresponds to @ quarter-w
he installed 10 1MProve the
line electrically. In addition, shunt re

light load 1o absorb the generated vars,

) A 500 km line can operate within 10 per cent voltage variation ith
shunt reactors. However, with, say, a R00 km hne, shunt reactors are t:w:m'm |
and (he effects of these arc shown in Figure 5.22, For long lines in L:u:n-:};.u e Consfant voltoge
asual to divide the system into sections with compensation at the ends r;:‘:l.,m
This controls the voltage profilc, helps switching, and reduces fi}?“h Sari:“ tompensation
Shunt compensation can be varied by switching dilqcil:r:l; &0 %4

pical 500 kV, 1000km scheme uses compensay
i 10n

section
circuit currents.
smounts of inductance. A 1y
otalling 1200 MVAT.

Improvement in voll
FACTS devices, al intermediate points, as well as at the ends of the ljn
) €, as

shown in Figure 5.22. If the natural load 1s transmitted there is, of course
constant voltage along the line with no compensation. If the various l"l'l.ll"éh‘-{['"at“
4 sectioned line can be maintained at constant voltage regardless of Inudt w c}|I
ceetion has a theoretical maximum transmission angle of 90", Thus, for a ‘II:H-1
.-F.L'-L‘Illfmn line a total angle of much greater than 90 would be possible T]j'??‘
illustrated in Figure 3.23 for a three-section, 1500 km line with a unity pﬂ]:::;ﬁ

40 %

age profile may be obtained by compensation. usi
. ; Ly Slng

Power (pu.) —

factor load.

Figure 5.23 Power-angle curves for 1500km line in three sections. Voltages al
section-busbars maintained constant by variable compensation. Percentage of series
and shunt compensation indicated (Reproduced by permission of the Instifution of

Electrical Engineers)

510.1 Reactive-power requirements for the voltage control of

(d) long lines

It is advantageous to use the generﬂlizt:d line equation,

: |

il
200 400 600 BClJO
Distonce from sending end (km)
\Fs — AV; + Blr

Figure 522 \olta iat

, . ge varitation alon

tion; (b) on 1o load wi 19 a long ling; (a) on no load w :

ends and at centre, Ta:t:}hTﬁZTpenBahon at ends; (c) on no load withilzu':p:ﬂ?aai?:r:}s:l
smitting natural load, compensation at ends and centre

which takes into account the presence of transformers.
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e \\

ag V, by rhere V., is the referes
ad current I, lag V, by ¢, whe ¢ 15 the reference B

A=Ala and B=B.(p
V.ib, = AV ia+ BI.AB— @) | I
? 7 = AV, cosa+ jAV; sina+ Bl cos(B — @) + BI, sin(g — 5)
2 r Sl ) s i

Let the received lo

\< the modulus of the left-hand side 1s equal to that of the righy
AS he mu :

172 — AV & B2+ 2ABV I .cos(a = B+ @)
AF=L 4 r : S
_ 4212 4 BIF 4+ 2ABV I [cos(a — B) cos ¢, — sin(a — B)sin ]

(5.8)
P. = V. I cosg, and 0, = V. I s,
r
Hence equation (3.8) becomes

V2= AV 4+ BI; +24BP, cos(oe — f) — 24BQ, sin(a — g)

-

Ir=fp—jf‘_ f;:fﬁ—i—f”

0;

V2= A2 E(% + 1-'3) + 24BP, cos(e — B) — 24BO, sin(w — f) (5.9)

r

For a given network, P, A, and B will be known. The magnitude of O, such

that V, is equal to, or a specified ratio of. Vs can be determined by the use of
equation (3.9).

2.10.2 Subsynchronous oscillation

The combination of series capacitors and the
(plus that of the connected Syslems) creates a r
flous resonant frequency. This resonance can in
critical-torsional frequency. and a mechanical
the rotating generator shaft
mechanical failure.

| Su!:s}fnchrﬂnﬂus resonance has been réported, caused by line-switching in a
sr_luahqn where trouble-free switching was normally carried out with all capa-
c:l_.{cul's In service, but trouble occurred when one capacitor bank was out of
?;;ifz;;?l:lﬁ?:[g: :l:!liﬁjpdhenome:lm may be a rare occurrence, the damage resull-
ey , - CesIgn stage, an analysis of possible resonance effects is

natural inductance of the line
esonant circuit of subsynchro-
teract with the generator-shaft
oscillation is superimposed on
that may have sufficient magnitude to cause

s1gn

SO

- —

General System Considerations

{ increasing voltages and line lengths, and ;
e 0 4 circuits, the hght-lqud rtaclrwe-pnwer.pmblem lor an intercon.
undt:l‘i-’.rnuilgm becomes Subﬁl@“al‘ perticuarly with modery Eeneralors of
cled 5Y5 .bsorption capability. At peak load, lransmission systems need
yar ab var generation. and as the load reduces 1 4 minimum (usyal
<e their hey need to reduce the generated ow

ight) 1 W vars by the followin
[he.mihiﬁ order of economic viability: ne
give

bbby

‘tch out shunt capacitors;
SWwi

itch in shunt inductors;
SW

h Jd[ﬂ Pla y ST
run 1} e cable in a double-circuit link:

nt on maximum var absorption:

switch out onl
{ap-stageer transformers:

base-load generators at maximum var absorption.
run D

problems

; sbar 1 nected to an 11/132kV, 100MVA, 10 per cent
51, An 1l k\‘} SUPE‘:} ﬁ::??;ngmcr?-:er feeds a 132KV transmission link consisting of
reaclance [mnslpl‘m of impedance (0.014+j0.04)p.u. and a cable of impedance
f uvgrhe&d & arallel. If the receiving end is to be maintained at 132kV when
(0,03 +bJU-m) E{l‘ihr’ "E] gp f. lagging, calculate the power and reactive power carried by the
delivering St{:e line‘ All pu values relate to 100 MVA and 132KV bases.
s ; ivers 500 hp at an efficiency of 0.91, the operat-
52 A three-phasgtnix:]dugt;%nl ;;git:éd‘ih: ;ded syr?{:h ronous motor With a p;awriem_l;;
g POWER {ac{r%kw 1% connected in parallel with the induction motor. Ct:a Eu ?weml!
sumplfrﬂ; E‘E’L and Lhé operating power factor of the synchronous motor if he
NECESSI

power factor is to be unity.
(Answer: 365kVA, 0.274)
ine is 25MW, power
Vi : -phase overhead ling 15 =3 VLY

ad at the receiving end of a three-p o i Al
?;3:[0;1' li]wﬂ llz:gjirfg, atLa line voltage of 33kV. A synch_r;nnﬁi i?ﬁ::mined 1L 3KV,
the rcce.:iving end and the voltage at both ends of hes e ace of 50 per phase
Caleulate the MVAr of the compensator. The line has resisiamn
and inductive reactance of 20 2 per phase.
(Answer: 25 MVAr)

e
ars of equal voltage. The transformer

v = - . i I mf'
54 A transformer connects two infinite busb S pou. Calculate the var flow for a tap

rated at S00MVA and has a reactance of 0.1
seltng of (a) 0.85:1: (b) 1.1:1.
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B i
437 MVAR (b) =367 MVAT)

ansmission line has resistance and qi lltd 'flcfm“', reactance of 25 oy "
' —etively. With no load at the receiving EI}(.I, a h? r:ll‘:l'lll_'hﬂ{lllﬂ COmpensator :h,:l
91 Q. respectiy t.‘:'r- oo by 907; the voltage 15 145KV at the sending end and 132 KV it It
el t‘dggl?-g the value of the current taken by the compensator, " the
receiving end. € éllll-'-ll;':crc&iﬁnu ond is 50 MW. it 1s fou nd that the line 0 i
g -h}lm:j :z-tn. -nLIhe scndhing and receiving ends, l-"F'L"\-'idELI that the Cﬂtnpgm?“”h
un.t:h,ﬂnhgffa::ciiirfc‘n1 as before, but now leading by 90" o1
Iiltfzzléu:a;c the reactive pmt"cr of the load.
(Answer: 83.53 A: O 24.2 MVATr)

kine use of dQ/adl at the receving end.

e

(Answer: (3)

55 A (hree-phase i

5.6 Repeat Problem 5.3 mi
7 In Example 5.3, determine the tap ratios if the receiving-end voltage is (o Y
m jat ( end voltage.

maintained at 0.9p.u. of the sending-
(Answer: L1914, 0.841,)

=8 Inthe svstem shown in Figure 5.24, determine the supply voltage necessary at D
5 - / at the consumer’s terminals at C. The data in Table

maintain a phase voltage of 240
5.2 apply.
(Answer: 33kV)
T B C
—— 015 MVA

i {'l ‘
‘ o — -
(=093 6&6MVA =095 1 2MVA 415V

0.8 log 08log
24

t:1
Figure 5.24 Line diagram for system in Problem 5.8

Table 5.2 Data for Problem 5.8

Nominal Impedance

tap ratio (£2)

0.0127 4 0.00909
1.475 + j2.75

| 475 +)2.75
1.09 4 9.8
referred to 33kV

10.450/0.415 0.24 4 31.95
referred to 33kV

Line or/ Rated voltage  Transmission
transformers (kV) ratng

BC 0415
AB ¥

DA 33

Ty 3311 10 MVA 30.69/11

Th 11/0.415 25MVA

5.9 A load is suppli f : 1 0]
bushar a1 ZTS'kV.rI”I;{I::f ?hi-hmugh. a 275kV link of total reactance 50 from an infinie

power factor of (.95 lage

——

_ . sthods of controlling voltage in a .
_~ribe two met = _ Power syStem.
() thL-:t;mw the scalar voltage difference between two nodes in a network ;
(b) t’!::-:«:;-n uPpruxirnul{:W by: L
g . RP4+XQ
AVi= —-i';——

a S0km., 132km overhead line has g eor :
! an inductive reactance of ﬂmél;a ;‘k:“fl 1;;5:1:::‘;_0[
0,156 . yoltage 15 132kV with a load of 100 MVA at a power factar ﬂ:‘g_%
end _lht Calculate the magnitude of the sending-end volt Ab. {
laEE‘_"‘E;w' qlso the approximate angular difference between the sending-end
(d) Cilllj‘-‘;‘c"‘:cw-mg-ct‘iti voltages.
;:_n 144.5 KV (d) 4.55)

(AnSWE” ¢ Exami nation 1997)

vom E:

(F e limitations of tap-changing transformers. A transmission link (Figure

gxplain th an infinite busbar supply of 400kV to a load busbar supplying

) - The link consists of lines of effective impedance (7 +170) 2 feed-

4 transformer with a maximum tap ratio of 0.9:1. Connected to

har 15 a compensator. If lhe_maximum overall vuiluge drop is (o be 10 per

ad b:ll:: :11]'__:’;“1_0“““[ taps fully utilized, calculate the reactive power requirement
e :

nsalor.

(he oA
cent with

oltage and line 7 to load side of transformer in Figure 5.25(b).

consists of four S00MW. 20kV. 095 p.f. (generate)
525 MVA., 0.1 p.u. reactance transtormer onto a

512 A generaling station
5000 MW at 0.95 p.f. lagging to a substation

senerators, each feeding 1I_1r0ugh 4 251
common busbar. 1L1s required Lo transmi

T 1000 MW

(7 +3 70182 !
._.—-400 MVAr

s-ﬁml‘ S

091\

400 kV (pul

V,
=)
L

% 2 { ZAE.} —1)

(b) Equivalent circult
n 5.11
Figure 5.25 Circuits for Problem 5.1
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e I S S e S

t SOOkV In @ power system at @ distance of 500 km' from the Beneratiy

"4 cuitable transmission link of nominal voltage SO0KV to achjeye ”“s.g

_ wsanable margi of stability and a maximum voltage drop of |
:_-'nl.“tln!-; far a reisol } Vil _1'".‘"“-‘"\ '”'lij “-;ln\_ﬁj”‘ 'IL'”L'IJ nees U! 2 r-'.u i“ll‘ () i N
. Tach gener s SVIC 5 3n

cent. Bach generalor \ e

nd incorporates a (ast-acting automatc rn]l:lpg reguliator, The 500K\
Tines have an induchive renctance per phase of 0.482/km and a ghyy,
)3 % 10% €2/km. Both series and shunt Capaci| :

b {'Ir\'

may he used if desired and the number of ””LT_PI{H]\C :"‘L'-‘;_ ”.?T'? x.h‘mh'l BE not mor
than three-fewer |l feasible. Use approximat ‘le 1.1 Hil‘ i 'TUI-'I.“.“.”' EHOTE resjy,
rance. and state clearly any ;.‘|1..~,|_;|‘|‘|pl_[-l"ll‘| mlildl;'..ﬂhhlll.‘nt .\ _1!.“1!‘I..;”'*.._H.HJIIL'L' to be lumped
at the receiving end only, (Use two SO0 KV lines with series capacitors compensating (4

70 per cent of series inductance.)

maintained a
station. Design 3 sul

respectively.
transmission hin ol
capacilive reactance per phasc ol

§13 1118 WL“,”,;.;I Lo transmit |‘m'-.u_'r from d h}'dl{wlt‘u'lf'lu station to a load Centre

490 km @way using two lines in parallel for secunty reasons.

Assume <ufficient bundle conductors are ased such that there are no thermal limiyy.
iions. and the effective reaclance per phase per Km is 0,44 € and that the resistanee ix
aecligible. The shunt capactive reactance of each line is 0.44 MQ per phase per km, ang
cd:h line may be r-:pr:::scnh:d by the nominal m-circull with half the capacitance at each
end. The load is 00 MW at 0.95 lagging and 18 independent of voltage over the
permissible range.

Investigate, from the pomnt of view
performance of the link if the sending-end
ransmission angle is pot Lo exceed 30,

The lines may be compensated up 10 70 per cent by seres capacitors and the load-end
compensators of 120 MVAr capacily arc available. The maximum permissible voltage
drop is 10 per cenl. As WO lines are provided for security reasons, your studies should
inelude the worst-operating case of only onc line in use

of stability and voltage drop, the feasibility and
voltage is 345, 500, and 765KV ;u'.aumil;;._- the

514 Explain the action of a variable-tap transformer, showing, with a phasor dia-
gram, how reactive power may be despatched from a generator down a mainly reactive
line by use of the taps. How is the level of real power despatch controlled? | -

Power flows down an H.V. line of impedance 0 + j0.15 p.u. from a generator whose
output passes through a variable-ratio transformer 10 a large power a}-xthcm. The mlrﬁw
of the generator and the distant large system are both kept at 1.0 p.u. Determine the li
n\rlnfag if 08 p.u. power and 0.3 p.u. VAr are delivered to a lagging load al the pnu;u[:
:;;:T‘fufl:rl {T;;.um: the reactance of the transformer 1s negligible.

(From E.C. Examination, 1995)

515 Two subsiat

il — LN A i a1 G v F - -

ot {;gnmmm:,? t;mn ;.m. Lt!ﬂi]!.:LlL[i by two lines in parallel, of negligible impedance,
the net absor %i:;n -alm otmer of reactance 0,18 p.u. and rated at 120 MVA. Caleulate

1:0.85, respectively :
' : y (1.€. lap-stagger i . he
and are constant in mug.nnudut,-g s used). The p.u. voltages are equal at the two ends

{Answer. 30 MVATD)

Load Flows

6.1 Introduction

A Jpad flow 18 ]’J(.‘-"-"-’ﬂl"'-"i}’f“'“-"?"* _.i‘”!_%““ for the ﬁlt;_'udy-s‘t;nu solution of a network,
This does not essentially dl.“lil' from lhu'mhmnn of any other type of network
except thal cerfain constraints are peculiar to power supply. In previous chap-
(ers the manner in which the vﬁnrmus components of a power system may be
;gprcsculcd by equivalent L‘il‘n‘.:.llllh has been demonstrated, It should be stressed
that the simplest representation should always be used, consistent with (he
qecuracy of the information available. There is no merit in using very comph-
cated machine and line models when the load and other data are known only to
4 limited accuracy, €.£. the long-line representation should only be used where
dhsolutely necessary. Similarly, synchronous-machine models of more sophis-
teation than given in this text are needed only for very gpecialized purposes,
e in some stability studies, Usually, the size and complexity of the network
itsell provides more than sufficient intellectual stimulus without undue refine-
ment of the components. Often, resistance may be neglected with little loss ol
acouracy and an immense saving in computation.

The following combinations ol quantities are usually specified at the system
bushars for load-flow studies.

Slack, swing, or floating busbar One node 15 always specified by 4 voltage;
constant in magnitude and phase. The effective generator at this node supplies

the losses to the network: this is necessary because the magnitude of the losses
: d this cannot

will nat be known until the calculation of currents s complete, an |
be achieved unless one busbar has no power constraint and can .fecd- the
quired losses into the system. The location of the slack node can iﬂﬂﬂ'{ﬂ?
lhe complexity of the caleulations; the node most closely approaching an i

mite bushar should be used.
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Load modes The complex power §=F=x 0 is specified. Designateq p 0

node.

Generation nodes The vollage mdf-"?jmdf and power are usually Specifie
Often. limits to the value of the reactive power are given s..‘iepr:ndmg upon ll*--;
charaﬁ:lernuca of individual machines. *Demg;naled P,V node. Load ﬁu;,:
studies are performed 10 investigate the following features of a power Systen

j Lt A ork:

| Flow of MW and MVAr 1o the branches ol the network:

Busbar (node) voltages:

Fifect ol rearmanging circuits and Incorporating new CIrCuils on System

I:J

Lk

lpading.
4 Effect of temporary loss of generation and transmission Circuits on system
loading (mainly for securit) studies):

Effect of injecting in-phase and quadrature boost voltages on system

"_.-h

loadmg:
6. Optimum system running conditions and load distnibution;

7. Minimizing svstem losses;
8. Optimum rating and tap-range of transformers:

9. Improvements from change of conductor size and system voltage.

S‘L_udic-s will normally be performed for mimimum-load conditions (possibility
of instability duz 1o high voltage levels and self-excitation of induction
mm:hm;g and maximum-load conditions (possibility of instability). Having
ascertained lhat a network behaves reasonably under these conditions, further
luacfi flows will be performed 1o attempl to optimize various quantities. The
desien and qperal::::n of a power network to obtain optimum economy i1s of
??fgmeqqt importance and the furtherance of this ideal is achieved by the use
of centralized automatic control of generating stations through system control

centres. :
no:lthuuigh the same approach can be used to solve all problems. e.g. the
Em;m:ﬂ U:’*E;C: Lﬂftfw& the DiE}Ject should be to use the quickest and most
requjﬁ }:?ﬂ Dh’ff.?l' the particular type of problem. Radial networks will
e biﬁ s0p lStlta}Ed methods than closed loops. In very large networks
probiem of organizing the data is almost as i , of
ips ) | s almost as important as the method o
, and the calculation must be carried 1 15 where
the-nédal-voltage method ia ied out on a systematic basis where
i ioans wﬁh 15 the most 'advantagcnus;- Such methods as network
best with smaller ncmurkl"hi R s e A
5. In the nodal method, great numerical accuracy 15

Radial and Simple |
oo 231

1 the computation ds the currents in the branches are deriv c
: i ~ =T @ : rﬁm
requl[iiage differences bcl"'eh‘-“ the anﬁ‘ Th_e'-’sdd‘ﬁ‘”e“ﬂ’& are small in well
L yoltags = o the method 1s 1deally suited for ¢ - i
5 50 o . i
nrk puldllf.l{! uﬁ!ﬁg d‘E:llai

&ﬁlgnfd nﬂ[“

62 padial and Simple Loop Networks

jal netW AP g g '
fp rad 2 ot ysually important. The following examples illustrate the solution

of network.

Exﬂmplf 6. ]

rs with several tapped loads. A distnbution feeder with several tapped

b ede
ribution fe€ 4 _ th se
L r laterals). and fed at one end only, is shown in Figure 6.ifa),

mductive lpads (O
:ﬁﬁt‘nmnc the total voltage drop

Solution

The current in AB
—(J, cos8, + Lcosé + I cos @y + I, costy)
— (I, sin@, + sinf; + I;sin 8 + I,5in6;y)

other sections of the feeder are obtamed. The approximate

Similarly, the currents in the | .
— Rlcosf+ XIsiné for each section. That 1s

voltage drop is obtained from AV

1
el -

|

=

Q
m

1, /-8s 1[5

I, ﬂi I, -9
gs along its length

Figure 6.1(a) Feeder with several load tappin
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Hadlal and Birr
WPk Loggy Notworys
" ey | ]
g "-.‘.- h.
Al Rl costly 4 [ condly [y €On By - Ty conliy) ﬂ!ﬂﬂh' 6‘2 4 b
AE I
o i [y o lig) [ . |
Ralls €k By A Ty CORy 4 1y ¢ Ay, L) Teeds twa dist wde
' Rl costly + Iy cos He) 4 Rl comitiy) ynle shown l” [“TI::H ”'”" ;:mlnr'- which. :‘“.l.: ::AIL'  Erp of 'iff!mr“;( ity i
b Rillycostly 4 5 COREL e § i . 0N Marting tukes < .
The d# Ffullﬂ L . ke § Falbdoy .
i . . . AR - ' ol 8 Uai _ | ] (14 B 2
b Xl mintty [ stn @ty 4 Lysm Py - Tynin 04), d4nd v on sumer ’l::r'['-ll.;lt_,, lapping Fhis in '; JT" -CH "I' cileulation Ihe ‘mim:““njm:'::ﬂﬂi !: :
i [H‘J _ HkY Caleubate the dip in Yoltiage on the Aot " v
R nging and letting the resisiance per loop-metre be r 62 and the reactines Dor | ff f nun'ﬂ"*“W' 'l oroup is started MEMcoad bushay When
i ffﬂ - . i ! AT I' : Q) ¥
”'w:jrr he « 2 (the Lerm I””l" metre relers (o "'”'Hh' Irhal*--ﬁ Cire s and e liiedow [he o .':[’] o mi_]u{,llhn mao l
. Hy b
relurn ta!”[l”fl”“ﬂi.
AVap =l 1y costly [soostly Ul 4 ) 4 Lycos Oyl 4 1 4 1) ion
i, i ! . i t! r‘[
¢ Loconglly 4 Lo+ Iy & L)+ sUI s 4 Ty sin bl 5 1) Sl

g [osinOyly 0y + 1) A LoninOgtly + L4 L 4 1))

h!ﬂﬂ ol the t“'“l" 1 ”Ip+ %,’HHH}H,‘ Ly gther CONRUIMEL s wh,‘,” an
The Pr¢

' a4 Prie - ' ' MY
wn (or 4 brief period Trofm an intes
T [;jkf.“
In the svslem shown in Figure b lih), ¢ alculate the mize ol cable H'Illj”r';[ if e E,,J”clll

;lh‘l‘lﬁfﬁlany L'"“
drop #1 the end Joad on ihe feeder must not exceed 12V {hne value), Let the g

onnected bushar iy often seriaus The
. s typical situation. The 132kV svitem is . .
Wi l i - £ WONEs A fl l'f VLT 18 rend an
UET7 mﬂtﬂnl F;uhl |

_ JUTh A : finite Mushar
:,’-’-.II”‘”II. j I,ﬂpru:'fﬁiuil }J? | |p'f!illlr_' SOLTCE 3N series '“i‘.ir“h i ‘l ‘.’4 ;I u I'f-i{".‘int{r a1 a4 J]"}“vﬂ
: ' . f r b vl A B Lrielw . - 15 . o il - Wl ! o) f Ar : .
and resctance per melre per phaw :. r(52) and x(52), respectively. Then. 1 lerring 1 :.Ti,l' [Ising @ saMVYA base the equivialent single-phase cireuit is 4a shown in Figure
Fioure 6.1c), vollage drop 18 given ny i
i ﬁ'?j-m qwrrent ol the induction motors
¥

1 5000 » 1y

I
J I 7 600
(1217 A
1 7250r 4 11250x = 12/4/3

> 3N
G000 4 S000 4 K25

150) 4 3000 4 0 4 H250) = 12/+/3

The procedure niow is 1o consult the appropriate overhead line or cable specifications (o
select a crosesection thal gves values or r and x which best it the above equation

.I
i
 3N/6 By 3,|
. _ & WV, B0 nuk
Usuitlly, i underground cables are wied the size of cross-section is selected on thermal (a) L :j 2 r!-‘-'tf;{-'-‘:w.!-w ‘
considerations and then the vollage f-lf“[* 18 calculated. With overhead lines the voll : rr: on 25 mmm i .1
i i s J o Gy o T
‘ir“f' s the prime consideration and the conductor size will be determinesd accordingly Olpu \ !
. e B A [ W s 1 i
I:.firf un: il}!—ﬂ. i 4% /6 & R 1
| ({ry—‘ﬂm” EE- R~ 5 - Domeste \ood ‘
[ 1 r e x r" *Il' *_ - of *'_‘_ -
00866 | 147 /434y | 76 4 g1 20 MVA 08 o1 g
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Figure 6.1(b) Line diagram of feeder in Example 6.1
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ic load voltage before the induction-molot load is switched on
M'IE i Yinu = ‘
D‘I "Il = |.0— 17
where

s H‘ﬂ-ﬁ'i L10] - 1+ 0.2} :JH:4 p.u.

and
M x 107 s : [ :
[ ———= 1927 A.0.8 p.l. lagging
NES O

But base curreni a1 6.6 KV

50 x 10°
~ /3 % 6.6 % 10°
= 4374 A
g = 1525 — (0.440 p.u. at 0.8 lag
L AR T i

Hence
V, = 1.0 — 0.440(0.8 —0.6)(10.24) p.u.
— (0.9366 — j0.0845 p.u.
¥ =0.9404 p.u.

Starting current of the induction motors

—7217 ,
=——=—11.640
4374

Voltage ¥, when the motors start 1s given by

= | —30.04[0,440(0.8 — 10.6) — j1.640] — 0.2[0.440(0.8 — j0.6)]
—=0.871 — 30.084 p.u.

and

Hence _:he voltage dips from 0.940 to 0.87 p.u. or from 6.204kV to S.74kV.

It will be noticed that a series capacitor has been installed partly to neutralize the
el wilhﬂm this capacitor the dip will be much mererﬁcrmuﬁ: it 15 left to
iﬁefﬁr:c:;gﬁ:f:b% how mm:‘h. Often. in steel mills, large pulses of power are
bars. This : : f"dlﬁ ﬂﬂd‘ ih_e result is a regular fluctuation on the consumer bus-

I8 18 Known as voltage flicker owing to the effect on electric lights.

lnmdeEﬂndm%whst

In radial networks an
wsually of

amount, |

importanc ¥ phase shifts due to transformer connections are no!
n ap::}lﬁse’:jﬂi g currents and voltages are shifted by the same
00p. 10 avoid circulating currents, the product of the

\\m

s

cmef lmns!’urm:uion tjaliqﬁ (magnitudes) round (h
,‘mnﬁfﬂ' m of the phase shifts in a common direction round b
ke SThiS will be illl_!'ill'ﬂlﬂd by the system shown in Figur; : loo
hase shifts due Lo the impedance of ¢ 3.

- mponents. f
the two lines in parallel, the total shift angd lrans;:gf::; thf: closed
ation rag

13 _ 132 AN/138
=13t (-— — 30 (—;— — Y1
(13.8 ) 33 ).132 ”)*‘-0

ice. the trans,l’c;rmution_ ratios _Uf transformers are fre
w24 by the provision of mp-changmg equipment. This results in the product of
(he ratios round a loop being no LoTger Moty e My ough the phase shifts are st}
the [ {o zero. TO represent this condition a fictitious autotransformer js ¢

eql_lad a5 shown in Figure 6.4. The increase in voltage on the 132V lin;:-
qﬂihﬂ“gi“g has the effect, in a largely reactive path, of changing the fiow 03;'
:r::c;ive power and thus the power factor of the current. An undesirable effect
is the circulating current set up around the loop, unless load sharing is required

(see Section 5.7)-

€ 106p should be unity
P should
= zfrﬂ‘ 3
" Neglecting P

oop formed >

15

In pract quently chap-

> <
L_?og: 3,?:: E:@ | 132 \:i
) B8R 1{ |
> A 8

( Q j 132 &V e

< >

Figure 6.3 Loop with transformer phase shifts
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Figure 6.4 Equivalent circuit of network in Figur® 6.3 showing




Computalion of Power Flows n a
e i
e B
o (L1 | | l; = {Y|E+Y;|]V| +{.-—Y|3}V1+(__anl
R -of=bulance voltage repne | ).
Often, in lower voltage systems l|h€|ll‘l:|u‘l ti Btk l'- ldl%h. Lulalewlled g 1 = (=Yi2)Vi + (Y + Y00V, 4 (=Y5)V
- : solected. 1S 18 1L Case, Lhe bes \ - _ ' “31Fy
! gtotransformer ¢an be nLEIFLl“ ing current and conseque eStmethgg of 13 = (Y3 Yo+ (=Y2)V; + (Y1, Y3V
o is to determine the circulating current sequent ‘mllugeﬂd ‘ BIN3
mh;:”m“:“ﬁf. h-il*ma.‘-e voltage acting alone, and then superpose these e
o the out=0i=

Values , (tions can be put into mairix form as:

- ‘thc stely inal voltage rar | w0 et
: : e vith completely nominal voltage ratios hese
ose obtained for operation I . g I (Y2 + Y1) wt 4 ~¥y V
L | = —Y 2 (Y12 + Ya3) -Yy, VL 53
__L —-Y ;3 —Y > [Y;, 4+ Yn] V; (6.2)
6.3 computﬂﬂﬂn g Eayar riows Ml i1 be seen that the diagonal elements are the sum of the admittances
: ' [t Wi de (known as self-admittances) whi Shidgt )
hree-node system of Figure 6.5. ;onneﬁwd t: 1:11:‘-133‘11112“11?(35 connected between lhg :Z::lin:h:ﬂgidigdnnal
iy el o s three-nc _ ate ar i o . are
( nasft:t.n;l:hz yltages, currents and line impedances as shown, we cap formy ﬂ‘";mmlh sequﬂﬂﬂ)’- if the currents on the left-hand
r”} ¢ VOIS, =Y -

. '] II i[ "i.n‘ "\T" { - ¥ 4 t: Dll
- ! 5 'Wh I‘" ‘j“ 1 iq".l'l ¥ h .'r‘ h:"]ll i ' LM II'&I . C
l t lI] !L I[ lI 2 t "' I "'. rl 1 I ] E‘ l = L I{t'ﬁ JS: n g“

side are kﬂﬂw“ the
] = . ? e
« can be calculated by inverting the Y matrix.
yoltages =

Node 1: !|—!|:+I1[=ﬂ' 1
Node 2: =L+ 1)=0

= — f:, - ke =\ '
i e 0 | form & load flow on the interconnected busbars shown in Figure 6.6,
LiF l‘l:f ormi ¢ N
(Note that currents flowing into each node are positive.)
Replacing the network currents by voltages and impedances, we obtain
o | Sﬂh”fﬂ”
Node 1: I, —(V, E(J.'l];-_ Y3 r i e nodal equations may be written directly as follows:
. ’ ’ I ' ' . I . 2 ——US —15 ;!l = I[
g d T -“1(; ) F V= Ve 0 _05 125 =075 || %al=|E
I*.' - Il‘;. —1.5 —0.75 +225 I'r3 = '{34
ot B ”(i—\"u) o (0X3) i (t is usual to write the admittance matrix direct. If the values in the current column
; | weelor are specified, it is required o dglf:lfmirfe the values of ¥, V5, and ¥;. [Y] may be
Rearranging these equations and putting Y = v gives: nverted or the equations solved by elimination.
]

As  YIVI=M then [NTM=[V]

Hence itis required to invert the admittance matrix. A simple method will be used in this

case:
v fz
(¥'s to neutrol assumed
zero)
-1
r‘=0_5ﬁ‘1 %:075 R

Vl : 100 WV {Ml

1 h: 1.53"‘

. o note: @' isan
Figure 6.6 Three-busbar system-load flow using matrix inversion [note: e
dltemative to S (siemen)]

L] -

Figure 6.5 Three-node network for power-flow formulation
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v, w050 4 0250, +0.751,

| ,and £y
Suhstitute for Fyan oquanons o /

0,250 + 11253 1128V = 15
S 0.750 = 11231 4 125V = &K

Also. from the equatian for /s
Py = 02220, + 08887, + V'

Substitute for 1an the other equations:
0.5550, + 02225 + 1y = I,
0.2227, 4+ 08880, + ¥y = 15
§f f." -0V = Iy

0.5554 02224 1.0 l
0222 L .888 4 1.0 /s
I - | 0.0 Iy

The node at which the voltage is specified, the slack busbar, 15 node (3); hence the
manmpulation ol the matrix inte the form shown. Next, some loadings at the Nodes
will be specihed

[i = 1000 A (generator node)
[, = 1500 A (load node)
15 = 100KV (phase value), slack busbar

Dealing in Kiloamperes and Kilovolts,

'y = 0.555(1) 4 0.222(~1.5) 4+ (4 1)(100)
= 100,222 kY
0.222(1) 4 0.888(~1.5) + (1) 100)

= QR .80 k\
Fy = <(I00) 4 (IN1.5) 4 0(100)

= +0.5KA 1e. a generator node

(Note that 7, + I, + 1, = 0,)

Although Example 6.3 shows how a computed solution can be readily
uhtumud.‘m practice it 1s the power inputs and outputs of the network that
dre specified, not the nodal injected currents.

A common caleulation, pa tlicularly for quick planning studies and security
calculations, is known as the ‘real power’, megawatt, or d.c. load flow. Here,
the injected MW value is specified for all the nodes except the slack, where the

voltage maenitude ix oive , : ‘
ljjg'“_ magnitude IS given. 1t is required to find the MW flows in the network
o sausty the specified conditions.

Compulation of Powey
. — ‘-___'_‘_"‘-l——\__-_ - —

Flows Iy anN
elwork
M

flow Tor the network shown in Figyy f
€61

ot o

may be obtained by assuming Zero resistance in |
st ]

-1l-duﬁil-!"*~"-1 and well-operated system. all the

he network and
i We

. ) '&‘(‘I]Iilgcs i
in pou. is the same as [ in p.u, C onsequently, voltage d

vork loops must *HIIH'I %u zero, Hence P, X, =0 where
petween nodes i and j of the network. This follows
JEIWS

V- (XP/V) and the sum ol the angul
‘l'i\ I 1 :

JL“N“;ME the |
13.2P) 206P, — 198P, = 6.6F; =0
Pyt Py = 100 or P, = 100 — P,

p, - P, =50 P, = 60 4 P4

3 om the
ar shifts round t

owers as in Figure 6.7, the lollowing equations hold:

p, + Py =210 P; =210 - 60 = Py =150 - P,
.‘ 132{{1[‘ - Pﬂ, -+ Ellhl,":] = IQHH“[.'I - P}] _6{]“5“_ P‘!‘}:D

and
‘?1.)2 -+ 1_1.2?"1 1 2.”{1{’1 x— l"}ﬂ[l i 1"'}3P1. -~ 990 + ﬁ-t"Pl = ()

"Il [ . herty . . |
On‘l— [ I][‘ 2 |,! .1‘JII 1t1'1 tl‘) "‘rq ‘I‘ ||I‘.‘ (!lll"‘r br.1n -1t e ‘ Il \‘! ] 1 1 I-E.

132 kV 60 MW
(5+13.2)8L

—

d

(10442 06){)

]
50 MW {?‘5+j19.3]ﬂ 100 M

le 6.4
Flgure 6.7 Line diagram of loop network for Example 6




_ {00 = 522 = 47.8 MW

Py = Poc

p — Pug = 60+522=1122MW
t 4 -

p. — Pyp = 478+ 50=97.8 MW

< where X/R > 10, small n:hunges 10 network flow
e b 10 per cent of EKiSling ﬁow_s.* can be estimated t'\}‘ Uﬁing ﬂ‘i‘;
S8 IS Ve rposition. For example, in the network of Figure ¢
pnm:l[:le‘ ol ;:dpedn e‘ﬂm J0MW to the load, this would need to come fro
node € .aug%;w m-er.r\D and DC in series, but in parallel with AB apg BC?]
:f; Arﬁs o MW would divide in the ratio of G13.2+2.06) to (6.6 + i193)
giving

Quite often. for network

) \f

15.26
e (15.26 +264

) MW = 3.66 MW

to be added to the path ADC. Hence P, would NOW  become
378+ 3.66 = 101.46 MW and P, = 5146 MW. The remaining flow of
10 — 3.66 = 6.33MW would be added to P, ?md PF‘.‘

Usine the same superposition principle it 1s poss;ble to estimate the change
in ﬁnwshdue to the removal of a circuit by injecting 1nto the simplified network
a flow equal and oppostte 10 that previously in the removed circuit, and caley-
latine the additional flows due to this negative injection. Such estimates are
us-e!'t;l 10 assess the system security (see later in this chapter).

6.4 Complex Flows in Large Systems

In large practical power systems, for both planning and operational purposes it
is necessary to carry out many load flows taking into account the complex
impedances of the circuits, the limits caused by circuit capacities, and the
voltages that can be satisfactorily provided at all nodes in the system.
Systems consisting of up to 3000 busbars, 6000 circuits, and 500 generators
may have to be solved in reasonable time scales (e.g. 1-2 min) with accuracies
requinng 32 or 64 bits for numerical stability. Many system states possible ina
day’s operauon may have to be considered. Consequently, a systematic way of
computing the desired states of the system is required and an organized method
for hand!mg the data is necessary. Data base organization and rapid retrieval
and modification are just as important as having an efficient and fast computa-
tion lechnigue.

Basically, the equations to be solved are given by

(YIV] = 1]
_[s (6.3)
=[]

—— — e —

L o n be emplﬂye{] as indicated in the ne

ﬁl’ll‘j be ob

m is non-linear, but iterative matrix i““minntz?ﬁd by iteration ag
usin

Xl sectiop, & Gaussian lim-

6 4.1 Dl'rBCt methods

Tn-angulaﬁon and partitioning

Direct methods solve only linear systems, i.e. VIV = [y Pt
The fact that powers are specified in practice makes the prublemm '* Specified.
qew value for I must b_e obtained from S = VFI* afier each direc{nmv:-hm‘h
(his value used to obtain a new one. solution and

partitioning is useful for handling large problems on sm

" SO all
setwork reduction. and the elimination of unwanted nodes Acl':::l?iitm for
Y” Yu lt Y!]
M=|Yy Yuu¥, (6.4)
Yy Yy !:1"1;

can be partitioned into four submatrices by the dividing lines shown in equa-
tion (6.4). Hence, in this typical admittance matrix for a network

Y] :[3 f,]

where C' is the transpose of C,

| Yn Tp _
= [ Y, },l:] and so on

A saving in computation time and storage is often obtained by manipulating
the submatrices instead of the main one, and in the equation [I] = [¥]{¥] itis
possible to eliminate nodes at which I is not injected. The matnx Y] s

partitioned so that the nodes to be eliminated are grouped together in a

submatnx, e.g.
I, C' "Diil¥s '

where the subscript u indicates unwanted, and subscript w wanted, nodes. F"-ff
example, if the currents at the unwanted nodes are 2er0.

=0 . —CV,=1V - D CVe=VYs
Substituting this value of V, in the expression for I, produces
1, = BV, —CD CVs

- » ; = mm ':__I..::
which gives a new admittance matnx containing only wanted nodes, _




1 l “lf

(Y] =B - D '« -
for modifying the admittance matrix (¢ allow ¢

of the network, say, due to line Outapes. T or

a completely fresh Inversion Ur“l“lh'-‘

' ¢

¢ available
conhiguration
be performed such that
atrix Is not necessary. — | |

Most power-system matrices arc s}fn:._lim.;u;w,’Ir:.::.,] \ T T \_.m and. it i -
required to store elements on gnd ;|hnul I.“l{: M.ﬁd_"{i . Frequently, moy b
the non-zero elements hie within a narrow band a *u.‘:ut ll?u diagonal and
vings in computer storage may be attained. 1

Methods ar
changes in the
modifications can
gew admuttance m

again, considerable sa

When solving the set of equations [A][x] = [b] , the residual veetor
r= [hJ L 'J\”;] 18 nel zero hccu_u&:c [?' mulmlmg errors. | ;-{th.lt:.\'- ill'l..‘_-iL" thn il
conditioned equations are obtained in which, ullhfjugh the residual is small, the
colution may be inaccurate. Such matrices are often large and sparse and for
most rows the diagonal element 15 equal to the sum of the non-diagonal ele.

ments and of opposite sign.

Accuracy

6.4.2 |Ilterative methods

The two sets of equations of (6.3) are solved simultancously as the iteration
proceeds, A number of methods are available, and as three of these have gained
wide adoption they will be described in detail. The first 18 the Gauss-Seidel
method which has been widely used for many years and is simple in approach;
the second 15 the Newton-Raphson method which, although more complex,
has certan advantages. A third, which is almost an industry standard, is the
fast decoupled load flow. The speed of convergence of these methods is of
extreme importance as, apart from the cost of computer time, the use of
these methods in schemes for the automatic control of power systems requires
very fast load-flow solutions.

(1) The Gauss-Seidel method

:,T“:::L;“?:::;d”:z“ﬂ‘:':k:‘m’:’ﬂl qUﬂlflliliL‘H\ are jniliully assumed and Il_wr vaiurc

from the second ¢ ua:' ngdl:l(}l.} on 8y T Is tl_u:n *usud “fhc" ntljteumng V2

then the Cﬂmplcl‘i w‘lm-h. dllll 50 on, E-’lﬁh L‘qUul.um 15 uunﬂldﬂrcq in turn and

unknowns converge llu Wl'h Solved Again untl the values obtained for the
ithin: required limits.

Application of the
¢ method | o a B : oA
nodal equations as 0 the simple network of Example 6.3 gives the

Complax F

2Vy~=0.8V; = L3V = Iy =
~UaVy+ Ladka 075Ky =1 = ~1.5
— 1.9V = 073V 4 2,25V, = /\ )

¢ the vollages are i kV and the currents in kA
*.-.rh:-‘}“i V/, 18 known, e 100kV (slack bushar volta

ve the first two equations. Initially, make V, =
50

=Wy = 05004 150 4 50) = 100,500

. value to evaluate ¥V,
4 1is value Lo € 3,
(Jsing tl

W3 = e (= 15475 4 50.25) = 99,0000

1.25

Using this value of V; to evaluate V.,

= 0.5(1 4 150 4 49.5) = 100.2500
|

.25

= 100,2250

‘v, = 100.2225
Sy = 100.22225

(—=1.5 4754 50.125) = 98.9000
1, = 98.8900
'V, = 98.8890
¥, = 98 8888
[terations are now producing changes only in the fourth place of decimals and
the process may be stopped; hence
[, = —1.5 x 100.22225 — 0.75 x 98.8888 + 2,23 % 100 = 0.5kA

The solution has been obtained with much less computation than the more

direct method used previously. T |
in the three-node system of Example 6.3, the iterative form of the three

N W ‘ = - 2
< with the nodal constraints that § = VI" is obtained as follows

nodal equation
] a power). For node L

(p indicates the iteration number and 18 not
ll -

BN

v-l____

Substituting 1§ = S,/V; and writing in the iterative form,

e (il
.?J-EV{,’+*—-'-'-7

Y :
Y, Vi

pri Yy
vl Y“ - YH

Similarly,




S A m——

i -y e

and
- Yoropet Y22 S5 1

sady scanned nodes up to 1 will have new valy
<AlUCs dp
PTO-

At any node [ the alr
p+1) iteration and the nodes yet to be scanned (;
/= ” dre

ation p. Generally,
. 5; 4 . ¢ Y
(Vi Wee =gy A Vo Uyl
\I” ]‘Jl.I /= | \H ! ;ZY;; : (ﬁ.?]
14

priate 10 the (
appropriate o 1er

i

In this particular Case, node 3 is the slack-bus, and as V, 15s known. the
for it is not required. It 15 seen n the above equations that the new mlqummn
: _ i U . _ ‘alue !
in the preceding equation is immediately used in the next equation, i.e V;]‘fﬂ‘*
used in the V. equation. Each node 1s scanned, In turn, over ‘-1.;_" Loy
iteration. 4 complete
Equation (6.7) refers to a busbar with P and Q specified. At a gen
node (1), usually V, and F; are specified wi ADS ' ' el
: gL : SF d with perhaps upper and lower limi
0, PP lower limits to
The magnitude of V,; 18 fixec 22 Ak arat Arrean ok .
& f‘h i 18 xed. but its phase depends on @;. The values of V,
nd ©, from the previous iteration arc not related by equation (6.7) beca eV
has been modified to give a constant magnitude. It 1s "e‘-'c‘i*i'-lfy 2o use V,
iteration to calculate the value of Q; corres | 7 Shaly gl LUt JIoK]
lue of O, corresponding to V,; from equation (6.7)

L.e. 0, = imaginary part of S;, 1.¢, of

e i — ".’ EJ"
Y ”‘n:' | ‘;-;‘:- + iJ v-;;-[ o
I § e + Y P

7 Yi Z i

This value ‘ 151]
alue of @, holds for existing value of V; and 15 then substituted into

= 320 Feina ) ol
w L | YV — Y}, f

lo oblain {V:”*I y* .

The real and imaginary :
e lhu:dc;nr:;llyrzir} if?l;:pfncnls of V/*' are then multiplied by the ratio
shght approximation bugl 1h“ the constant V,- constraint, This final step 15 @
tation 15 large. The P}‘H!ie Df\?ﬁﬁ involved is small and the saving In compu-
the next node. The process co i'ls lhu_s r‘?“ﬂd and the iteration can proceed 10
from by a specified ﬂmuur:: BUE R ey alus of p+! at any node differs
commenced by assuming 1 p.u : i:iﬁm'_““"_ figure being 0.0001 p.u. The study 1
necessary in order that Curr:::nll : df;l- at all m}deslcxccpl one; this exception 18
ows may be obtained in the first iteration.

Complax Floys i

o factors The number of iterations
gence can be greatly reduced by the u
- voltage from F7 to VP! is myliintied

* plied b

brought closer to its .
: 10 its final value, j¢ | 14C1OF 50 thay

g4l )
VAL — P 4 gyt vy
= V¥ 4 aAV?

Cquired tg

ection !

newW voltage 1S

Jhere ! s the accelerated new voltage, It can be
{ o reduces the number of iterations mare th ':?hnw.n th
present, only real values seem Lo be used: lhaen:lrcal value, However

the nature of the sy:alcm‘ under study but a value of 1‘3 E;uiﬂ ‘@lue depends u;n
(Gauss Seidel mclhnd with the use of acceleration l'avil:{.;,h "f‘ldely used. The
method of successive overrelaxation. ts is known as the

al a complex

Transformer tap-changing

Further changes which must be accommodated in the admittance matri
those due tO transformer tap-changing. When the ratio is at the nnmi:ﬁ?x ?Te
) " ‘ e ! ' v
s represented by a single series impedance, but wh:nan?:

the transformer 1
“ominal, adjustments have to be made as follows.
(Consider a transformer of ratio £ : 1 connected between two nodes i and j;

the series admittance of the transformer is Y,. Referring to Figure 6.8(a
following nodal-voltage equation holds: g
j — V,(Yj—r -+ Y}n + Yj.\' + Yr) - (erjr + V.\'Yl +V;Yu +Vﬂy;ﬂ}

AS VH — U ﬂnd v,l — Vl/f'b
I + V.Y = V(Y + Yo+ Y, + Y, - (YJ,Vr+1’-I—*)

¢ voltage transforming element and the

where x 18 an artificial node between th
ation it is seen that for the nede on

transformer admittance. From this last equ

yransfofrmer  With off
Aap side

Figure 6.8(a) Equivalent circuit of
Transformer series admittance on non




s e ————

of the transformer (1.¢. the more remote of the twe Node
S8 | -
Al

off-tap side
e dihions uprlf}'

7, the followiag con

when forming Y, use Y, for the transiormer, and when I'nrming Y
Y, /1 for the transformer. 8 Y e

ke shown for the tap-side node that the Tollowing conditione .
It can similarly be shi P - 1Lony Aapply

when forming Y, usc Y,/r", and when forming Y, use Y, /.

These conditions may be n:pn:f-unlm! by the 7 seclion shown in Fi

I o ' ¥ 0 e . y l.u i

6.8(b), although 1t 18 probably easier 10 modity the mutual and “’”““illlnni fe
. § ‘ Lu'ﬁ

directly

(i) The Newton-Raphson method

Although the Gauss-Seidel was the first popular method, the Newton
Raphson method was subsequently used increasingly. With some systems the
latter gives @ greater assurance of convergence and Is at the same time econom.
ical in compuier tme,

The hasic iterative procedure 1s as [ollows:

value al new iteration,

1;;-|I — P ff"'fp}

/()
extending this to a multi-equation system,
X0 = xP — 7Y XY (xF)

Hht‘l‘t'-. the x S In f are column vectors and J(x”) is a matrix known as the
Jacobian matrix, of the form |

(%) V(%)
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i “fl_
Ul'| ﬂt”
“/i;
dx;
ﬂ’." ;}fn
L dx, dx, Jpth iteration
- , the application to :
ngider nNow the iI?P an n-node pow
:;C“ng _odes k and j of admittance Y, POWET System, for a link
co :
n-|
2 10, = V.1 = AR TR
Pr+ 12k = Vil —szll{\h#!}
|=
Lel
Vk = Ay -{—;h‘;_] and Yk-‘ = ij ._th
Then,
n=|
P + Q) = (@ + J0) Z!HG“.' _'jB#J ]{ﬂi +1b)J" (6.8)
['TD[.'H Wh'Chw
n=—\
P, = Z lar(a;Gy; + b;By;) + by (byGy; — a;Byy)) (6.9)
=]
n=1\
Or = Y _ [bila,Gy; + b;By) — a(b;Gy; — a;By) (6:10)
=1

Hence. there are two non-linear simultaneous equations for each node. Note
that (n — 1) nodes are considered because the slack node n 18 completely

specified.

Changes in P and Q are related to changes in a and b by equations (6.9) and

(6.10), e.g.

ﬁPl ——

Similar equations hold in terms of AP and Ab, and
The equations may be expressed generally 1n the

HP* 3P|

A + — Aaxy + *—'—3 Aady -1

ﬂu;;_ -\

following mannet:

AQ in terms of Ad and Ab.




a0 a0,

|
i-.k}.r — i :i [I"hi

HQ-._ i | aQ‘:— |
Ei'd-_,' | *.1-!—‘]

note the Jacobian matrix by

7 | i
/s | a ]

For convenience, de

|
| I
| JC n' "IE‘_Il

The elements of the matrix are evaluated for the values of P, 0, and ¥ 3

each iteration as follows.
For the submatrix J4 and from equation (6.9).
aP;
_ e L;';_ Gi-_‘. — f’j: B"-'.-"

o

where k = . 1.2. off-diagonal elements.
Diagonal elements,

E’P_ - n—1
E — :ﬂ:-(’:—_._ + b.‘:B#;i: b bi_ .B;i = Z{HIG;‘-" - b_fB;.'.r'b (6}3]

e

This element may be more readily obtained by expressing some of the

quanuities in terms of the current at node &, I,, which can be determined
separately at each iteration
Let

n—|

k=6 +jd, = (Gy — jBy)a; +Jjbg) + Z{GA; — By Na; + jby)

from which.

n—1
€ = 0Guy + by B, + Z“’_;Gﬂq 2 b)B’U)

fEd

d0; :
.,"A = —a; Gy + b B + G
ab;
The process commences with the iteration counter "p’ set to zero and all the
nodes except the slack-bus being assigned voltages, usual{y : p,u:nimﬂ sk
From these voltages, P and Q are calculated from equations (6. ({
The changes are then calculated:

AP] = P, (specified) — P and AQ] = Oy (specified) - &

where p is the iteration number.
Next the node currents are computed as

L= (F‘: “Qi'); & il

i.?‘P
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The elements of the J

.

—d

qeobian matrix are than formed, and from ()

gy
(6.11),

':f},|41

Hence, a and b are determined aalnd the new values, u*';' Ml ”f * Agh.
r‘lihii = b} + :i‘.hf* are t&ht;ill’t"'fj [he process 15 repeated (p = p 4 l) llnllil ‘l-';]tl:
and AQ are less (han a prescribed tolerance. Ay,
The Newton-Raphson method has better convergence characteristjos
for many Systems is faster than the Gauss-Seidel method; the former i1.{l.rllj
much larger time per ieration but requires very few iterations (four js g::num :
whereas the Gauss-Siedel requires at least 30 iterations, the number Increg

with the size ol system. _
Acceleration factors may be used for the Newton-Raphson method T

guantilies are frequently expressed In polar form.
The polar form of the equations has advantages and the equations gre

!)k — F(", ”I
O, = 0V, 0) (6.15)

ral),
Eing

The power at a bus 1s

= P+ JOy = Vi1,

= Vi )_ Yins

2k

= Z '1 I"m“--’.-‘-, m COS &y, + Hl'.m Sin /)
m#h

(;Jf. = Z | r.". I’m{-(;fmr H"l ”I_n_i i Ha‘.m COS Hﬂ'm}

m.rj.

where 8, =8, — 6,
For a load bus,

- Ij!J ']!J
ap*;z‘__gmik Py
L s Al P &l i !
gk {'wm ' mzf;'r {”.HI : “r'll J)

_ N 90,
AQy = Z a9 Ay + Z “ AV,

T mn ;"lrl‘”
For a generator (P, 1) busbar, only the AP

ified. The mie equation 1s used as 18
specitied. The mismatch equation is ke n 1s used as @y 1s not

F""‘T'
Al
[ 5 o (6.20)

ap”
(ve)

Wi 2 i .
sorrection Lo P, @, and PV busey and AVF jypey .

ol isthe is ,

P ?L:ﬁ:l:u k and m, the correction loy
Him = 07k ViVl G, 83

i = 3, G SIN Oy ~ By,

km ma l"-m kY m\\Y g, COS H"ﬂn 4 H.ﬁ.:m .'i-lnﬂkm]

Cos ﬂkm}

Jim TR Vi l",.,{G,‘m CosH,,. + B,
i

B0 R L P
f—lkrn =} m II.]_IT- =} k Iim((li:m sin Hi-'rn

Tl

ﬂnﬂhﬂ)

B Bk”' Cos ﬂhn}

Hye = =0y ~ By Vi

Nix = Pi + G Vi

T = Py ~G Vi

Ly = Ok = By 1-"E
In the aboVve, admittance of the link km is .Y""" = G +Byy. The computa-
tjonal process can be enhanced by pre-ordering and dynamic ordering, defined
as

Preordering, in which nodes are numbered in sequence of increasing number
of connections.,

o Dynamic ordering, in which at each step in the elimination the next row (o
be operated on has the fewest non-zero terms.

(iii) Decoupled load flow

The coupling between P—6 an O-F components 15 weak. Hence the equations
can be reduced to

[P] = [T[e] i«
Q] = (U|[V = ¥l
At reference nade @, = 0 and ¥y = Vo, 80 clements of T and U are given by
e
Zi'm/ka
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: ‘ , |
. ien the Kranch impedance and reactance ¢ o Sl s
where Ziw And X € the branch 1mj ~eand [1) i cop, Bym Xﬁ,,,“" # k)
stant valued. Then Bl — 1
[AP] = [T][A0] T X,
. laQI’"?] = [l]{A\ ] B.:J"r! — _Blﬂﬂ'," # k}
| i tage 1s obtained b : 5-"_23
P L) I ayg S5 ¢ 1 f 5 ] . < S W
[ These are solved alternatively. Advantage i1s ¢ Sor Y USIngithe i“”ﬂ\\-- . mzk L
g | 4 | and constant i |
- I ; are real and o ntin value ; .
[AP/V] = [A][AY] fatrices g' and B ¢ and need o he riangulated
[AQ/V] = [C][AV] (6.2)) anly onee:

E_‘(ﬂ"'ph. 6-5

Fast decoupled load flow This makes the Jacobians of the deco upled m ethod ng the fast decoupled mcth-::i ;alcu_l;:l t:e a:ghf:aﬁmd voltages after the first itera-
| : e s A an . 5 -node network descnbed by (he tollowing admitian ’
A suchout the iteration. The following assur . or the three=nogs H=E : ’ . £ matnx {from
LO”E‘IJH[ in value throughe o ¢ NpLons are uon I?;EJ; ¥, is 230 kV, initially V3 = 220kV, 6, =0, and V5 is 228kV. By =0, Node 2
made: FiRute o consuming 200 MW, 120 MVAR: node 31is a generator node set at TOMW and
5 810 ‘ e
By =Ey=1p.u. I:-pgk\y J, 1s an infinite busbar.

N L) ; 73 I -
G, <B,, and can be ignored; this is reasonable for lines and cables, | 0.00819 —j0.049099 | —0.003196 +/0.019272 | —0.004994 + 0.030112

00031964+ (0019272 | 0.007191 — j0.043099 | —0.003995 + jo.02408
. 0004994 +j0.030112 | —D.003995 +0.02409 | 0008989 —j0053952

cos (¢, —6,) =1 Y =

sin (6, —8,,) =~ 0

=

(AP) = [BA0) | ®
(AQ] = [B]IAV] 0 ©

where B, = -8B, for m <+ k. and

Further assumptions yield:

P (6.23)
AQ -
— | =[B"][¥] @

load flow
Figure 6.9 Three-node system for fast decoupled
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Exampla n
Losd Flows 225, DX Load iy o

x / \ l

| 2

AP, ',
— R 1 [Aa. ol = éi
( ! 2 ' N F—B'_' H‘__{ ! *-l't ? ”Ln" H-f. — gl: + Atf: - __[}I‘}{;'?'j: yad < -
AP; Bi: By | Al \ = 5 §7¢°
| J :

. I'__" - . :f:'i"chﬂr:— T =
| L\ E By ¢ b UUI-Fdd-_.-_I_‘MTT_

o o AL, T Y. L. d tar 1N
y, =230kV. Va=220kV.& =0 Vs =228kV.6; =0 Consde= ), — V3V [Gyysin (B2 —6,)— B |
I : . - TN ':‘I — == 2 %29 v T VL) — Dy '
¥ Vs LS :"'_‘_1_ s ____._ﬂ = 9 S0I98 i A0 C: T : > it =8 )= I‘{:B‘ﬂ
S: — T_. G 'C - 5’”5 404 3=} ";“J_‘__: sin 1H: — "i:_l — B:.:‘cg_".:'} [B; K 3_'1! B SAL
W R i —  —120 —220{230[-0.003196 sin (—5.576 - 0))
B = T Y. 404

— 0.019272cos (~5.576 — 0)] — 220 x 0043080

+ 228 [—0.003995sin (—5.576 + 1,144

A
&
—
L}
e ————

17y

i r

- - -

| HeOess i ) 1
I | N — = . - 3 .
| AV2 = 5o o = 0043049 < 220~ 028K 41
| 2

I
= —— —

| O B O 350 . 0009 7 | 3 J;, =230kV
AP = —200 — 220(—0.003196 x 230 +0.00719 x 220 — 0.003995 x 223) | = =JUK
— 185037 MW | Vi=V3+AV; =220 - 628 =21372kV
| 2
AF: = 70 — 22R(—0.004954 x 230 — 0.003993 x 220 4+ 0.008989 x 228) I Vy = Y = 228kV ‘ -1|
— 64.99 MW | 4 - B
The Process 1S repeated for the next iteration, and so on, until convergence is reached. g
| Dy, | }ji__L:_ﬂ_\...-?r:j_im{! when, [l
| | Dxf|0] 1 a8 || A8 | P, = 134.389 MW ;
Q, = 56.77 MVAr \
| AP, |
B .'iiijigﬂ_ | I, i‘
G [1] [38] " [2P. |
- | 7%, 65 Example of a Complex Load Flow |
— | '.
ag =20 3 CaAB (i=23) The line diagram of a system is shown in Figure 6.10, along with details of line ' '
v, 2.Cath =27 | 4nd transformer impedances and loads. This represents afh%h:f{ ﬂmplt;lf:; |
. AF & arransement of the network used by Ward and Hale (1?)6?' ) quanr *.
A8 =— V"I A8, (i=32 i : <8 des are numbered as indicated. They are
D, £ | = are expressed as per unit and the nodes are ou gl Sl
APY g5 937 " not ordered consecutively to show, in the solution, 1113._; lh;:gﬁ: sfslems it
B =—== S5 — = —0.845168 . 5 not important, although in more Sﬂpths’“ca“’-'d ’[uoﬁm Faster CONVETZence '
6499 | has been shown that certain orderings of nodes can pr :
| S — U-3555 x 0.84516 . | and solutio - |
: As = |2 j —0.1844 | P _ eriad out by digital computer, & ‘
9.2272 = G375 — U.1598 rad | The solution of this problem has been cart e&i tﬂu:villybe :ilvn as well as the ]
| i T brief description of the arrangement C;f eiie““*l_}mz ;roa was developed for | ) '
a2 A =— () 5555 . | first iterats i a hand calculator. gram. B e | |
i 585195~ 7-5955 x 0.01988 — —0.09732 rad eration performed on a or sophisticated as commercial B

| nstructional purposes and IS not as refined

4
i et it
- —



+ + 4+
o e b0 b —

i
1 Ll f".

A

-
‘J'I. i

+4
+0. 708238
+0.081853
+ 1010063
+(1 646931
+0.353069
+{).640699
+0.726081
+{).292797

+ 1.000000
+ 1000000
+ 1000000
+1.000000

—0.(00369
~0.019334
+0.179357
-0.014702
-0.046004
+0.234539
<+l

<+

+0.366206
+()

+0,558269
+0.4445860)
+1.021401
+{). 433034
+0.57654]

+0.22337]

+0.000000
+ 0000000
+0.348767
+0.000000

—0.033932
+0.050023

~0.043097

+0.043097

—0.052397

—(.090184 ;
+0.087839 3/ ¥ss

’ ON-diagonal elements pey row

\
Column numbers

\ Off-diagonal elements ¥, /)

i

Generation Table |

+0. 000000
+0. 000000
+0.00000()
+0.000000
+0. 000000
+0.007706
+0.066298
—{. 162088
+0.076068
+).058905

+0.039069
-+{)

+1)
+0.05592]
+1
—11.652234
—8. 164860
—1.954524
—5.306045
—4.641795
+0.037200
+0.000000

+0.000000
+0.053259

+0.000000

+ 101000000
+0.000000
+ 0000000
+ 101 000000
+0.000000

' Voltage estimates, v,

" P+j0/Y; values

VY, /Y, values slack-bus connections

Y, /Y, values + slacknumbers

glachk bus
08 + 18] A7 pu

23+ 10518 PY

0
..;285 pu

i 103 pu

1#|0 045 pu

0262+ 1054 bu

oA 03+;018 pu 0

Figure 6.10 System for complex load flow using iterative method

is hoped, however, that the beginner will find it easier to under-
han the latier. In view of the nature of equation (6.7), the basic system

g be modified to allow less computaton during the actual solution of
G . < this will be obvious as the method 1s descrnibed. The system
e B rir-r.* Y] 18 stored by specifying the following: order of matrix
off-diagonal elements, number of qt‘l‘—diagonal elemems per

. column numbers of the off-diagonal elements in each row, a list of ofi-
rL'w“mal elements (Y;;/ Yi). Tables 6.1A and 6.1B show the tabular arrange-
fz:;ﬁ for input data and Table 6.1 s_:hows. the itglual‘ data. . e

In the tables, P and ¢ are considered positive for watts and lagguéi En:
senerated or supplied, and negat}\*c when received. 1t 5?10111}1 be not P zi;-n
the Y, values are, in fact, negative although they af‘e shmf!? a5 r.:?lsel e
he tables: this is useful as the Y;; terms appear as NEgalive in o
equations. The connections to the slack-bushar (F,) are.uhm_n E?Eﬁr:asp;
no equation is necessary for the slack-nodes as the voltages are iuih

| 5.1 identification of the
cified. The input data are shown in Table 6. and 1denl‘1h;:.i an g
ade easier by reference (0 the following )

cograms; 11

Jdmittance-mat
(n), number ol

various quantities will be m
matrx:

: L
Y 13 \’14 Yis \'I:s
\r p & | Y:4 \r 25 \ 2%
Yy Yu Yis Yx
Y3 Yau Yas ‘;‘*‘
Yo Yso Ysso Ysr




Table 6.1A

| = number of links
= number of non-slack nodes

v ] , A
j Reactance
Sending S
i fore per unit
(= ] i

Susceplance
per unit

Resistance
per unit

Receiving

end note

lrzmsl'nrmc'
r ratio

T —
—
=
e ———

n=1-99 |

Slack nodes are aumbered starting at 101

Earth connections are numbered 0 | _

When representing transformers, node 1 must be the tap-side node ang R

and X refer to the non-ftap side

S
e

Table 6.1B

| = number of links
n — number of non-slack nodes
s = number of slack nodes
(subscripts G = generation, subscripl L = loads)

e

Node Vieal Vimag Pe Oc : Py , 01
number per unit per unit per unit per unit per unit per unit

The initial part of the computer flow-diagram is shown in Figure 6.11.
Before proceeding with the first iteration, the calculation of the admittances
associated with one of the transformers will be shown. Consider the transfor-

mer 1-2 of impedance j0.133 per unit and having ¢ = 0.909. For the off-tap-
side node 2, Y;, 1s formed using Y, only, i.e.

ek el e ot
= 0.723+j1.05 ' j0.133
= (.444860 — i8.164860
i |
~§0.133 0.909

I = —]18.278000

'ThE I'urma:llion of the admittance matrix is necessary for both the Gauss-
S;-Id.ﬂ al}d ?ﬁewlnn—Raphﬁnn methods. At this point, the methods differ, and
the application of the Gauss-Seidel method will be given first with a complete

computer snljulion.. and then an outline will be given of the Newton-Raphson
method applied (o the problem, For node 1:

Slop

1

Eeé{i (ink_data oble |

1

Lrur m bronch {}dm:HﬂnCEE—t

l Combing aoll paraltel links \
' |
Setr=0
i

: Form link dala toble for all
links connecied fo ihe {r+1)thnode
Farm 1;!‘5; dealing with off-nominal Tx's
(i=r+1)

|

Add into Yy tore (/=12,...1),
deoling with of f-nominal Tx's

r=r+l

f lsr=n? 3
Yes
R\

No

L_a”

Form 'flj* f’T”'E

I

Ennl admiitance matnx

in ‘packoged ferm

Y
l Form ond slore —ﬂ

\

{

Jump 1o program 2

! cessing of the
Flgure 6.11(a) Initial part of the flow diagram for data processing

program

|pad-flow




o

(Gouss-saidel) progrom &

Fgﬂ node voltoges 1o 140 pu

Set tecerolion count o0

1

[_ Se! node count 7= |
Sal max voltoge change av

%0

r
Test for SlaCk

node, 1§ F 101

i

No
1

Test for generaldr node

Yes
{

Caiculate reoctve power ol -
QP

r

t

Is t:?r'pb
2 .

 mox

Yes
[

0,f <

af min

Yes
|

Replace Gf BY @ max

Reﬁmt?f Y @- min

—i— J

| 21%:

=1
Coiculale Vr‘“

using @

f

Muttiply real ond imaginary
sl V;
components of U}F .

r

Tl

[ |

2
Reploce L’r by new
modified value

!

Solve equotion (67)tor node ~

A M |
e " e

Figure 6.11(b) Flow diagram

|

. "
et

for Gauss-Seidel method (continued opposite)

Example of 5 Complex Load Flow

T
'W-J
| Colculate ll-j'.p" -

Is M.f:,ph 1
l ﬁV'pl'Ml'l

(a2 02 1)

el o
Replace V. by V.

!
| ——No— Is mox blfpg 0.000! b= yog — Pn'ntfﬂnﬂ.ttw

Figure 6.11(b) (continued)

| | + | 1
Yii =008 53037 | —34.1 ' j0.133 0.909°

— (,558269 — j11.652234

Y= X3

First iteration. Node |:

I ‘ ik ! S |
VI' B ——(}—I—E) \"_: = (}'_li) V; 3 J \(_.
l :YU . Yll 1) |

— (0.708238 — j0.033932)"1" + (0.234539 +0.039069)" 1.0

1
+ (=0.000369 + j0.007706)7
= yi* = 0.942409 + 0.002569 p.u.

Node 2!

-

0.055033)( 0.002569)
_ (1010063 + j0.055033)(0.942409 +10 :
0019534 4 j0.066298) 1

‘ . { : S\ |
Y:H k= \33) \ 1 (___‘;.)_—
o F(.Yzz) i (Y“ 'Y/ Vs

+ (0.081853 — 0.050025)1 +
SV = 1.014073 + 0.070671 p.u.
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T

Node 3:

£ - Y i ' 51 1
i 32 L e Ve (—"—) =
Wy = #(ﬁ) Ve (‘lr_u) > \Yi/ Vs

_ (0353069 — j0.043097)(1.014073 +0.070671)

© (0.646931 +j0.043097)1 + (0.179357 — jﬂ.lﬁfj{]ﬂa}%
vi* = 1.187371 — j0.137743 p.u.

ey g L /8
\‘.' & —— (_‘_i‘f_) ": = (}le) \)r.‘f + (‘n: ) \.'
2 Yoo/ ~ Y a4/ V4

Node 4:

_ (0.640699 — j0.052397)(1) + (0.366206 — j0.055921)
.
+(—0.014702 +j0.076068 )7

vi* = 0.992202 +j0.072543 p.u.

; Yaa\ 'y 1e (Y:ia)‘ St ( S ) |
I» S0 el | e = V 1 -
i (Yf-s) Gl T e Y55/ Vs

— (0726081 + j0.090184)(1.010513 + j0.069748)
+(0.292797 — j0.087839)(1.187371 — j0.137743)

1
+(—0.046094 +j0.058905) -

S VE = 1.003342 — §0.056430 p.u.
V, or Vyq = 1.05000 + j0.000000 p.u.

It will be noticed that the latest value of each nodal voltage is used. In this

iteration no acceleration factor has been used (i.e. the factor = 1); if a factor of
1.6 15 used, V| becomes

Vi + L6(V] —V,)
| 4+ 1.6(—0.057591 — j0.002569)

0.907854 — j0.004110 p.u,
This modified value of V!

modified to V; + 1.6(V J

| should then be used to evaluate V5 when Vi is
- 2 =r
lions are

V3), and so on. The busbar voltages after 30 itera-

Example of a Complex Load Flgy

g

—-—‘5___\___2%-

Vv, = 0.918345 — j0.159312
V, = 0.978674 — j0.22181
V, = 1.101718 — {0.065242
Vs = 0.901468 — j0.194617
Vs = 0.903003 — j0.196604

gyaluation of line currents and power flows
5.1

he no dal voltages and admittances, the current, power, and var
s aoWINE
Kno?

en nodes are readily obtained. Links with transformers, however
fwe ;

4] attention. Consider a transformer with its impedance referred to
egcldl € . :

n&edn;l:]-mp side (Figure 6.8):

the

the
652 Application of the Newton—Raphson method to
system in Figure 6.10

. 0 (he previous
The elements of the admittance matrix are fletemliniigmf;m toth Giand B
method, and it should be noted that for o[f-dlag?:;;
will be (=1 times the values derived from the ne ﬁfk 0
Let all the busbar voltages be assigned 2 voltage
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At node X:
pP. =05 0 = 0.185(generated)

V.. — 0444860 — j0.646063 p.u.
Y. = 0.576541 — j1.308461 p.u.
Y., = 1.021401 — j1.954524 p.u,

First iteration (p =0) :

Pl=1x1x(—0444860) + 1 x 0 x (—0.646063)
4 0) % 0% (—0.444860) — 0 x 1 x (—0.646063)
L]l x 1l x(+1.021401)+ 1 x 0 x (1.954524)
L 0% 0x(1.021401)—0 x 1 x (1.954524)
+ 1 x 1 x(—0.576541)+ 1 x 0 x (—1.308461)
+0x 0 x(—0.576541)—0 x 1 x (—1.308461)
= 0.0 p.u.

Note that Y3, Yz do not exist. (The above result would be expected in the
initial case as all the involved voltages are equal to 1 p.u.) Similarly

0% =00 p.u.
Therefore.

API=05-0=05p.u.

AQ; =10.185 - 0 =0.185 p.u.

AP and AQ for the remaining non-siack nodes are similarly obtained.

¥ - Py — iy, and 0050185
SRNT7 T ' L '
4 I —Jj0
hence
|
¢ =0.5 and di = —0.185

Th :
¢ elements of the Jacobian are determined next:

\\

. /3;;’/%;1#b2313+c‘§

Example of 3 Complex Load Flgy

|8

day
_ 1(1.021401) = 0.0 +0.5 = 1.52140

3 0 - 0
?f_:'. — a3Gy — D3Bn
3{1;1

_ 1(—0.444860) + 0.0

aPs _ _0.57654)
dads
9P3 _ 9B+ b3Ga+ d

ab-
_ 1(1.954520) + 0.0 + (—0.185) = 1.76952

ﬂ% B+ b3G+; = 1(—0.646063) + 0.0
dba

aP3 _ 1(—1.308461)+0.0

abs
gmilarlys we obtain
s - w2 005 901 90,
-5;: . aﬂz } Fjﬂ.:.; . ab3 y abl l abf

The Jacobian matrix for the first iteration 18 thus formed and inverted, and
then Aay and Aby (k=1...5)are evaluated. hence, V™ = V! + Ad® + jAp".
The process is repeated until changes in real and reactive power at each bus are

less than 4 preseribed amount, say 0.01 p.u.

653 Summary

The direct method involving matrix inverstion and a final iterative procedure to
deal with the restraints at the nodes has advantages for smaller networks. For
large networks the fast decoupled load flow (FDLF) method is preferable.
System information (such as specified generation and loads, line and transfor-
mer series, and shunt admittances) is fed into the computer. The data are
spressed in per unit on arbitrary MVA and voltage bases. The computer
formulates the self- and mutual-admittances [or each node.

If the system is very sensitive to reactive power flows. i.e. the voltages change

considerably with change in load and network configuration, the compuler
program may diverge. It is preferable to allow the reactive-power outputs of
gsacrators to be initially without limits to ensure an initial convergence.
Convergence having been attained, the computer evaluates the real and reac-
| "Wepower flows in each branch of the system, along with 10Sses. absorption of
Yafs. and any other information that may be required. Programs are available
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omatically adjust the tap setungs of transformers to optim

Also, facilities exis! for outputting only information regarding m'crlu
es: this is very useful when carrying out a series of

anderloaded lin : | " _
in\’ﬁstigﬂting [hﬂ‘ Outﬂgt"ﬁ ol pl;lnt llnd ]”“:S lor SCCUI'I[}-‘ ;lsﬁeﬁ.ﬂn]e“l

m \!HIUER
Oade an '
inud ﬂﬂ'\l‘y.

which aul

6.6 Optimal Power Flows

In Chapter <. economic loading of generating plant, using ‘B’ coeffie;
represent losses, wWas detailed using a differentiation and minimiZalionlL.mnts lo
[n practice, non-linear minimization techniques with constraints ur1mc“md'
achieve a minimum of some function associated with the most econmt’ SEO D

-1l functions to be minimized are: HIC Operg.

tion of the system. Typic
o total cost of system operation;
e total system losses;

e reachive requirements,

Nrfm;ada}-'s, mathematical minimization techmiques which guar;

solution for many thousands of equations ar¢ available cammerci‘l‘;jn.lﬂe a
fmphﬂﬁii‘ls on speed, minimum data storage, accuracy, and easy dam‘t .}' - The
an_d_m;ertacing. Normally, it is necessary Lo set up a scalar t‘unc:ti on ‘ "1fmdlmg
minimized subject to constraints expressed as: on, f(x), to be

min f(x)
subject to
gi(x)=>0 wherei=1,2...m
and
h{x)=0  where j=1,2...p

In the case of r '
s Suﬂ Pl;“ﬁ*-r system, f(x) 1s often expressed as a cost function
m ol generator costs plus the system losses; thus

6 5
f)=3"CP+) CLP;
=l b=1

where C, 15 cost pe '
: per unit of output of generation P; and C 1 Py is cost of losses In

each circuit of B branches, subject to

2 Px=0
nd
ZQK=0

and t ing limi
nd the following limits or constraints apply:

3 _ :
al each node k (Kirchoff’s laws)

P,"“:P,'{mem A

Addilio

qeross define

com ;
(o this form of op

the use of nove
genetic algorit

min

mel < Qi < Qmu:

F 4 P i
Vi < Vi < Vimax  each node k

min

S”m < Smu max for each Ciﬂ:uil m o n

nal constraints can be as follows:

for each tap-change transformer t

T, R T miax
for each compensator ¢

i

mer <0, < O e max

Limits could also be added to ensure transient stability in the form:

Hm" -~ 9 < 6"111 mix
erally, 1t may be necessary to ensure that power P and var 0 flow
d boundaries in a network do not exceed pre-determined limits f:r

. For example:
where me, is a set of flows whose sum must not

exceed Pgpec.

be seen that obtaining an optimum (minimum) solution is a
even with modern compulers. The mathematics appropriate
timization is continually evolving and improving, including
| techniques such as fuzzy logic, artificial neural networks, and

hms. Consequently, the employment of a computer library or
suited to individual requirements is recommended.

where 6 18 an angle between node m and node
n

min

[t can readily
plicaled task.

| packages best

Problems
e stated distances from the

6.1. A single-phase distributor has the following loads at th
SkW at 0.8 p.f. lagging at

supply end: 10kW at 10m. 10kW at 0.9 p.L. lagging at 16m,
17m. The loads may be assumed to be

915m. and 20kW at 0.95 p.f. lagging al | .
ge values (240 V). If the supply voltage 1S

constant current at their nominal volta |
is 5 per cent of the nominal value, delermine

150V and the maximum voltage drop
ductor size.

the nearest commercially available con
(Answer; r +0.376x = 0.7 107)

62 In the d.c. network shown in Figure 6.12, calculate the voltage at node B by
inverling the admittance matrix. Check the answer by Thevenins {heorem.
(Answer: 247.7 V)

in feeder

3. calculate the current

63 In the interconnected network shown in Figure 6.1

BC.
(Answer: 26.75 A)
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Figure 6.12 Network for Problem 6.2

1504
0 7i0g 0 Slog

Figure 6.13 Network for Problem 6.3

64 In the network shown in Figure 6.14, the loads are represented by constant
impedances | +j! p.u. Determine the current distributions in the network (a) when

the transformer has its nominal ratio; (b) when the transformer is tapped up to 10
per cent

(Note: determine the distnbution with the off-nominal voltage alone and use super-
position.)

(Answer. Transtormer branch (a) 0; (b) 0.0735 —0.075 (p.u.))

05,01

101

Eoch load represented by Z<1+)1pu

Figure 6.14 Network for Problem 6.4

65 F g |
. ' m.fmerdh: the mfm_-nmuc:n which may be obtained from a load-flow study. Part of
# power system 1s shown in Figure -

0.13. The line-to-neutral reactances and values of real

o

Vllﬂﬁ'pus"ml

To L

I
(0 5+,002)p4

~ ) Generating

Lood sighon

(O 4#.0 0Slpu

Figure 6.15 System for Problem 6.5

| wer (in the form P + Q) at the vanous stations are expressed as per unit
and reactive po LDn MVA base. Resistance may be neglected. By the use of an iterative
(alues on & cc{’r?ﬂ;_ﬂr 4 digital compuler, calculate the voltages at the stations after the
mr:lh.nd suita “Ti‘hm“ the use of an accelerating lactor. : LT,

first uemimnl 03333 — 10.03333 p.u.g V;1.11666 +30.23333 p.u.; V41.05556 + j0.00277
(Answers Y22 eses

pu.l

KV interconnected system is supplied from bus A, -.j.'hi;h may be Qonﬂd;red
6.6 A“qﬂﬁnim busbar. The loads and line reactances are as indicated in Figure 6.16.
(o be an 10 S

l

2 GW 3GW
Figure 6.16 System for Problem 6.6
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