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ABSTRACT

Optimization algorithms for power system operation
and planning employ EHV and UHV line loadability limits
as well as var supply limits, Traditional line load-
ability limits are based on stability limits which as-
sume infinite var supply capability. This paper shows
the critical dependence of line loadability on var sup-
plies and presents a method to compute line loadability
limits that are consistent with var supply limits. As
such the ligiting quantities are suitable for optimiza-
tion algarithms which utilize both line loadability and
var supply constraints.

INTRODUCTION

Virtually all current and proposed optimization
algorithms. for power system operation and planning em-
ploy constraints on quantities such as line power flows
and reactive power limits. 1In nonlinear optimization,
these constraints are often enforced with due consider-
ation for the interaction between constraints. That
is, the var limits of generators are dependent on the
variable real power generation being dispatched. Fur-
thermore, global loadability limitations can be formu-
lated into nonlinear algorithms. {6]. These later
techniques do not, however, consider the affect of var
limits on the Global loadability limits. Many recent
methods have proposed single or iterative linear pro-
gramming solutions [1-3]. The constraints imposed on
these algorithms are frequently specified by single
number limits on line flows, voltage levels, real and
reactive power supply limits. For the line flow con-
straints, the justification for these single loadabil-
ity 1imits is often based on composite ratings such as
the St. Clair curves [4]). The interdependence of the
line flow, voltage and power supply constraints was
recently discussed and presented as a major area for
further study [5]. In particular, the reactive power
allocation was noted as a key factor in determining
line loadability limits. In this paper, line load-
ability limits are shown to be critically related to
var reserves. The importance of var allocation for
voltage control has been well documented in the liter-
ature. In contrast, the importance of var reserves in
establishing line loadabilities has not. The purpose
of this paper is to illustrate the limitations of tra-
ditional loadability constraints and to propose the
use of line loadability constraints that are consis-
tent and directly dependent on reactive power limits.
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LINE LOADABILITY

fonsider the representation of figure 1. This
equivalent was selected since the classical Sinusoidal
stability limit applies only to elements which have
"load independent’ voltages at both epds. Furthermore,
the classical sinusoidal stability limit has played a
key role in the analytical development of St. Clair
curves and stability margins [4]. "
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Figure 1.
Single line equivalent

The equations which describe the power flow across this
line computed at bus 2 are:

2
v, v v
P, = cos (8, +9 ) - 2 cos (7,.) (1)
2 " 25, 2* 12 " 12
Y12 sz 2
Q, = sin (8, + 0 ) -~ —=— sin(©, )+ v, “we, (2)
2 ‘Z12| 2 12 '2121 12 2

where Zyp T Ry, * 1%x," Izlzllﬂli. If there is per-

fect voltage control at bus 2 (¢ is continuously vari-
able and unlimited) then the maximum power transfer
occurs when §, = -0, . With perfect voltage control at
both ends, theé maximum loadability becomes dependent on
this critical angle or on thermal limits. Tradition-
ally, systems with short lines are considered to be
thermally limited, and uncompensated longer line sys-
tems angle limited. Since the line impedance angle of
the longer FHV and UHV lines approaches 90° the clas-
sical critical angle of -90° i{s clear from Fquation
(1). The use of stability margins is frequently based
on this critical angle [4]. A 307 stability margin
corresponding to 62 * -44~ 1is shown in Figure 2.
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Figure 2.

Single line power transfer with perfect voltage control

0018-9510/82/0900-3568300.75 © 1982 IEEE

or

This

2v




e,

RIS

If the variable capacitor of Figure 1. 1s designed
to control the power factor of the total load rather
than voltage, the maximum power transfer is totally
different. In this case, from Equation (2), with net
power factor at 2 equal to 1,

vy sin (62 + @12) = v, sin 912 (3)

so that the real power transfer is

P, = sin(2 6, + 2 0,,)
2 ™ [z, #in o, 2 12
2
v cos ©
-1 12 sin’(s, +0,.). )
ET 2% %
12| sin 912

If there is perfect unity power factor control at bus 2
(c 1s continuously variable and unlimited) then the

maximum power transfer occurs when 62 = - 0.5 912.

For long lines with 0., near 90°, the critical angle is

12
near -45°. Under these conditions, operation at -44°
would have virtually zero stability margin. Since v
is not controlled however, the limiting constraint

for this line could be voltage rather than angle. The
point is that -44° cannot be used as a 307 stability
margin for buses with power factor control rather than
voltage control.

If the var source at bus 2 is limited (c is finite
or fixed), the maximum powetr transfer criteria is again
totally different. In this case, the jacobian of Equa-

tions (1) and (2) must be analyzed with ¢ constant [6].

The jacobian is

3p v,v
2 172
e - - sin (5, + 0,,) (5)
8, '212 2 12
3
—Ez = 1 cos (8, +6.,) - 2V2 cos © (6)
vy |2y 207120 2y 12
aQ v,V
2 1°2
FY o cos (6, +0 _,) 7
62 |lel 2 12
aQ v
2 1
5 = 7 s8in (6, + 0.,)
3y 24y 2
v
-22
|Z |(sin 612 - ‘le|wc). (8)
12
or
o R a
—vlvzsin(62+612);vlcos(62+012)—2vzcose12
1 .
e TR
) -
vlvzcos(62+912),vlsin(62+612) 2v2(sin612
)
1 -
i ‘lelwc) i 9
This matrix is singular when
2v2 cos 62 Qa - 'lelwc) =V (10)
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For lines with 912 ~ 90° |212|- X, the affect of ¢
on v, as a function of 62 is found from Equation (2) by
substituting

v,V
Q=F (5§§° - in (8 (D, an

where RPF and PF are the reactive power factor and
power factor respectively, This substitution yields,

RPF
vy cos &, + v) sin 62(—55)

Vg * 1 - x5, we : a2

Thus from Equation (10), the maximum transfer occurs
when i

2 RPF
cos 62 + cos 62 sin 62 (—5?? = 1/2. (13)

An equivalent condition is found by manipulating
Equation (13) to obtain,

A cos (2 62 - ¢) = 0. (14)
where
1/2
A=+ &hY
and
¢ = tant &), a1s)

For P12 >0, the critical values of 62 are easily com-

puted from Equations (14) ard (15) as

8, = -

critical
const. ¢

+ % ) (16)

ISE

It is important to note that Equations (14)-(16) are
only functioris of the power factor angle and not
Vgs Xy, OT Cs Table 1. shows the critical values of 62

for several values of (RPF/PF). The value of vy at
edch of these critical points would depend on ¢ in ac-
cordance with Equation (12). The corresponding voltages
at the point of maximum power transfer are also shown
for various values of x,,uwt. The significance of these
figures can be seen by considering the following sce-
nario.

Suppose that the shunt capacitance shown represents
the upper limit of a discrete variable compensation
bank designed to provide rated voltage wher the line
was loaded with Q2 = 0 to an angle separation of ~44°

(chosen to correspond to a 30% stability margin). When
the last stage is switched in, the bank is a fixed
capacitance, and unity or lagging power factor loading
beyond -45° is impossible. Thus the true stability
margin was less than 2% rather than the presupposed 30%.
Furthermore, the voltage at the critical power angle
operating point is well within design objectives.

The St. Clair curves or their analytical equivalent
have been proposed as constraints for maximum line and
subsequent system loadability [8]. Their applicability
hinges largely on var reserve capability. To illustrate
this, consider a 400 mile 345 kv line with series
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TABLE 1.

Single 1line critical angles with fixed vy and constant
capacitive shunt compensation at bua 2

RPF/PF EE Critical 62 Xppue v,
-0.6 .86 lead  -60.48° 0 1.0148
0.1 1.1276
-0.3 .96 lead  -53.35° 0.1 0.93069
0.2 1.0470
0.3 1.1966
0.0 1.00 -45.00° 0.2 0.8838
0.3 1.0102
0.4 1.1785
+0.3 .96 lag -36.65° 0.3 0.8903
0.4 1.0387
0.5 1.2464
+0.7 .82 lag -27.50° 0.3 0.8053
0.4 0.9395
0.5 1.1274
+1.4 .58 lag «17.77° 0.4 0.8751
0.5 1.0501
0.6 1.3126

impedance of 0.023 + j0.25 p.u. and receiving end line
charging of B = 1.32 p.u.[4]. If this line has perfect
voltage control at the sending end, and limited control
at the receiving end, the maximum loadability can be
determined using the preceeding analysis. If line
charging alone provides the voltage support at the re-
celving end, the maximum unity power factor load which
can be delivered (neglecting line resistance) is found
from equations (10) and (12) to be 2.98 p.u on a 100mw
base. This maximum occurs at an angle separation of
-45° with vy = 1.055. The maximum loadability specified

by the St. Clair curves for this line is 2.56 p.u.
(0.8SIL) [4]). The latter is 86% of the maximum load-
ability, or would be considered to have a 14% stability
margin rather than the 35% as originally intended by
the St. Clair curves. ¥ a 352 stability margin is to be
met, the receiving bus must have additional var reserves
even though they are not needed for operation at the
"maximum" loadings of 2.56 p.u or 2.98 p.u.

AFFECTS OF VAR SOURCE MODELING
IN COMPUTER APPLICATIONS

The mathematical modeling of var sources has a
significant affect on the critical angles at maximum
loadability. When a capacitor bank operates at values
near rated voltage, the bank may in some applications
be considered a constant reactive power source. The
relationships of the previous section can be used to
i1lustrate these affects. Consider a single line with
212 = jO.1 and perfect voltage control at bus 1. If a

variable capacitor bank with maximum setting of wc = 3.0
is used as limited voltage control at bus 2, the maximum
power transfer occurs when 52 = -45°, v, = 1.0102, and

P2 = 7.1435.

bank at this maximum condition 1s 3.0615. Alternatively,
if the problem is restated to include a variable var
source with Qmax = 3.0615, the maximum power transfer

condition is different. 1In this case, there is no shmt
compensation, and the maximum power transfer will occur
when the net injected reactive power at bus 2 is 3.0615.
The maximum real power which can be transferred under

The reactive power output of the capacitor

these conditions is P2 = 7.458, which occurs at a

critical angle separation of 62 = - 56°, and at a volt-

age of v, = 0.898. Thua the var aupply at both critical

points is the same, but the operating points are consid-
erably different. A relationship exists between the
maximum var capability of a controller and the critical
power angle. This relationship is presented below.

CRITICAL ANGLE DETERMINATION
WITH FINITE VAR SUPPLY CAPABILITY

Consider the addition of a synchronous condenser
at bus two of Figure 1, with maximum var capability of
Qmax' Suppose also that the desired voltage is v, = vy

and c¢ 1s some fixed capacitance (line charging or ad-
ditional compensation). With this perfect voltage con-
trol, the critical angle 62 is equal to - 612, provided

Qma
Qmax is not large enough to allow the separation to

reach -0 12° the angle 62 at the instant the limit Qmax

x is large enough to allow thée angle separation. If

is hit is found from,

v

' 3

3 2
sin(62+ 012)- sin 612 + vy wc+Qmax. (17)
For simplicity, consider the case where Q2 = 0 (unity
= ° =

power factor load)‘and 912 90°, llel L3P (lossless
line). The angle 62 at the instant the limit Qmax ig
hit is,

x
N -1 12
62 = - cos (1 - Xjue = S 2 Qmax I.
1

(18)

This corresponds to a real power load less than v{%xlz.

For increases in real power load, the synchronous con-
denser can be considered a constant var source with out-
put equal to Qmax' Under these conditions, the system

may or may not be able to supply additional real pcwer

load. The voltage vy would be found from
2

v,V v
0 = cos 8§, - —[1- x,,wc} +Q __, 19)

X192 2 X9 12 max
or

1 + 2 _

v, = ETTZ;I;EE)[VICOS 62 ¢Q1 cos%i+4Qmaxx12(1 xlzwc)RZ)

With an uncontrolled bus 2, the critical 62 is found
from Equation (10) evaluated at vy from Equation (20),

cos 52[v1cos 62+-V412c03262+4qmaxx12(l—xlzmc)]-vl. (21)

A solution 1is

Y1

*
- -

-1 22
2~ ~cos [V§v12+kqmaxx12(l-xlzwc)l' (22)

§

For a given set of Vis Xpgs WC, and ngx’ the*critical.
power transfer angle will be given by 62 or 62. Examples

of each are given in Table 2. The following criteria
establishes the critical angle displacement across a




line with fixed vy and continuously variable but finite

var compensation at bus 2,

-90° 1f Qmax > vlz(;l— - wc)

s 12
2 =
Critical . .
-max[| é l,|62 |'] otherwise. (23)

TABLE 2.

Single line critical angles with fixed vy and continu-

ously variable but finite var compensation at bus 2.

(a) (b)

Xy, = 0.1 p.u. X, = 0.1 p.u.

we = 1.0 p.u. wc = 3.0 p.u.

Qmax = 2.0 p.u. Qmax = 2.0 p.u.

v, = 1.0 p.u. vy = 1.0 p-u.

62 = 46 62 = -60°

* o *

62 = -53 62 = -51°

62 = -53°(beyond var limit 62 = -60°(at var

critical operating point) critical limit op-
erating
point)

v, = 1.0 at Q 1limit vy = 1.0 at Q 1limit

v, = 0.912 at 62 critical vy = 1.0 at 62 critical

Py, = 7.19 at Q limit P, = 8.66 at Q limit

Py, = 7.28 at 62 critical P, = 8.66 at 62crit1cal

The physical implications of the preceeding analy-
sis are that var limits must be great enough to allow
operation at an angle displacement of -90° even though
normal operation will be limited to -44° (thus a true
30% stability margin). 1If var capabilities are speci-
fied to control voltage only to a displacement of say
-44°, the true stability margin may be zero.

MINIMUM VAR SUPPLY CAPABILITY

In the preceeding section, the affects of limited
var supply on power transfer and stability margin com-
putation were presented. The maximum var capability is
critical in the determination of maximum power transfer
and critical angular separation. For a given operating
point, the var reserves influence the stability margin.
Consider the following definition of stability margin
for the single line system of Figure 1.,

]

P2
(1 -—) 100 (24)
Py

crit

A
s.m. =

where p2° is some operating point power, and p21 is
crit

the maximum value of that power for which steady state

_ operation is possible. If a voltage control device is

to be added at bus 2, the maximum var capability of that

device will largely determine the operating point volt-

age and the operating point stability margin. An
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algorithm for selecting the minimum value of var re-~
serves necessary to maintain acceptable voltage and
specified stability margin is presented below.

For this analysis, consider the lossless line
(612 = 90°, |212|- xlz) and unity power factor load

(02 = 0). Furthermore let the desired controlled volt-

age at bus 2 be equal to the fixed bus 1 voltage,
(v2 - vl) so that the problem is stated as follows:

Given: a) An operating point load P 0
b) A minimum acceptable voltage v,
c) A desired value of s.m. -
des
d) No lower bound on injected Q
e) Values for ¢y X555 vy (x]‘_2 we <1)

Find: a) The minimum value of reactive power required
into bus 2 (min Q,.,) to ensure v20 2V, ,

v, > v, and s.m.o > g.m.
2 =72 =
max — des

b) The operating point v20 620 Qo

c) The operating point corresponding to full
- utilization of desired stability margin,
Vy s 52 , Pz
max maxX max
d) The operating point corresponding to maximum
power transfer Vo s 62 , P2
crit crit crit

Solution: 2
0.1
Step # 1 test: If P, > i there is no solution (stop)
12
2
Y1
If P2 < —— there may be a solution
12 (go to step # 2)
p P, =p0 (100
Step # 2 compute: P, P, (100-8~m- )
max des
2
é!
test: If P2 > —— there is no solution with
x
max 12 0
s.m. > 8.m
- des
(go to step # 3)
2
Y1
If P, < ;= there is a solution with
max 12

-8, <90°and s.m.” >s.m. ,
! crit des !
(go to step # 4)

0
Step # 3 compute: V) =y mv,  =vy

max crit
0 1 P %
62 = gi ( )
Y1
v 2
Qo = ;l—(l - x;, we - cos 620)
12
62 = § = - 90° i
max crit :
v 2
b, -l
cfit 12

8.m.0 = found from Equation (24) <s.m.
des
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vlz
min Q = — (1 - x,, wec)
max L3P 12
(stop)
P 2x 2 2
mdx 12 V1 1/2
Step #4 compute: v, = ( 7+ 3 )
grit vy 4(1-x12mc)

(This is the critical voltage if the line is
limited by stability margin. This equation was
found by solving Equations (1) and (10) with
P2 - P2 )

max

test: If vy 2 vy then the line is stability
crit
s.m.
limited, and the critical operating point will
be exactly when the loading reaches P2 with
vy = V. max
crit (go to step # 5)

If vy <v < v, then the line is stability
2 1
B
limited, and the critical operating point will
be exactly when the loading reaches Pz with

v = v max
crit gf%? (go to step # 6)
If Vo <V, then the line is voltage limited.
crit —
§.m.
so v, =y
max — (go to step # 7)
Step #5 compute: v 0. v, =V = v
otep ¥o P PV 1
max crit
P ox
0 -1,°2 12
62 = ~gin (-V—Z—— )
v 2 1
0 1 0
Q =— (1 - x,, wc - cos 8, )
37! 12 2
P x
2. 712
8§, =6, = -gin l (22X )
max crit vl
Pz = P
crit max
0
s.m. = g.m,
des
2
V1
min = —— (1 - x,, wc - cos § )
Qmax *12 12 _ c%it
(stop)
Step #6 compute: vy =V, =,
max crit crit
g.m,
-1 ;gx x12
62 - 621t = - gin = ( v, v )
max cf max
P - P2
crit max
s.m. = s.m.
2dea .y
min Qma i (1 - X9 wc) cos 62

(go to step #8) S ¥ 12 méx

Step # compute: v, =V,

-1 ;%x *12
§ = -gin " ( )
max Zg V1
v, 2 v, v
Y2 1%2
min =— (1 - x,, w¢) - —— co8 §
Qmax X9 12 X35 mgx
62 = found from Equation (22) evaluated at
crit min Qmax
v, = found from Equation (20) evaluated at
crit 62 and min Qma
X i
crit
P, = found from Equation (1) evaluated at
crit 62 and v,
crit crit
s.m.o- found from Equation (24)
(go to step i 8)
Step B The initial operating point may be
vzo = 1 or v20 <1
0
0 R T
compute: 62 = -gin = ( — )
Req v1
v 2
Q0 = ;l— (1 - x;, we - cos 620 )
Req 12 Req

test: 1f ngq < min Qmax the initial point is

V2 = Vl

(go to step #9) ..

1f ngq > min Q, the initial point is

vy < vy
(go to step #10)
0
Step #9 compute: vy =Yy o
‘ P, x
0 -1 2 12
6, = -sin " ( 2 )
1
0 0
(stop)

Step #10 compute: 620 = found from Equations (A-1) to
(A-10) (see Appendix A)
x P 0

v 0 __12 2

2 vlsin(-ézo)

Q0 = min Qmax
(stop)

The above ten step algorithm has been applied to
an example single line system. The results for various
parameters are given in Table 3.
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Table 3.

min Qmax determination

Specified Parameters Solution
on vy s.m. X1p | we vy 620 v20 QO 62 vy 62 v P s.m.o min Q
— des max | max crit c%it c%it max

3.0 |o0.95 | 30z | 0.1 1.00 | <171 1.00 | 0.46 | -27°]0.95 |-48° | 0.74 | 5.52 | 46x 0.54
3.0 o0.90 | 302 | 0.1] 0 : 1.00 -189 ] 0.97 | 0.19 | -28°{o0.90 | -46° | 0.72 |5.18 | 422 0.19
4.0 |0.95 | 30z | 0.1 _1.00 2490 1.00| 0.83 | -37°]0.95 | -519 | 0.80 | 6.27 | 362 1.44
4.0 |0.90 | 30z | 0.1]1.0 1.00 1l -24° | 1.00 | -.16 | -39°0.90 | -47° | 0.81 | 5.88 | 322 0.34
5.0 0.95 | 30x | 0.1 1.00 1| -30° | 1.00 ] 1.34 | -49°]0.95|-55" | 0.89 [7.24 | 312 2.76
5o lo.90 | 30z | o.1/1.0 | 1.00 | -30°| 1.00] 0.3 529 | 0.905] -52° | 0.905] 7.14 |, 30 1.81
6.0 |0.95 | 30% | 0.1 1.00 I -379] 1.00 | 2.00 | -60°]0.99 |-60° | 0.99 |8.57 | 302 4.85
6.0 loss | 30z | o.1l2.0 i 1.00 | -37°] 1.00 | 0.00 59% | 1.00 | -59° | 1.00 | 8.57" | 307 2.85
7.0 {0.95 | 30%x | 0.1 1.00 | -44%| 1.00| 2.86 | -90°|1.00|-90° | 1.00 |10.00 | 30z | 10.00
8.0 Jo.95 | 30z | 0.1 1.00 | -53° | 1.00 1 4.00 | -90°{1.00{-90° | 1.00 10,00 | 202 | 10.00

SYSTEM APPLICATIONS

System studies utilizing exact load flow studies
can accurately model finite var supply capabilities
and their affects on the steady state solution. The
linear load flow techniques utilized in the computa-
tion of simultaneous interchange and maximum system
loadability however cannot account for voltage control
with finite var reserves, and thus depend on line
loading or angle constraints to insure adequate sta-
bility margins. Reactive power 1imits can be used
with linear constraints to insure adequate voltage
control, however the analysis presentsd earlier clearly
shows that the critical loading may easily occur at
the limit of the var source. If the var limit is not
based on utilization at an angle consistent with the
1ine loading or angle constraint, the maximum may not
satisfy the stability margin implicitly incorporated
in the St. Clair loadability limit. The applicability
of the St. Clair curve can be tested by computing the
minimum var requirements in accordance with the ten
step algorithm presented above. Consistency would be
maintained by specifying P2° equal to the loadability
given by the St. Clair curve, s.mg . = 35% and v, =

0.95. If the resulting minimum is less than the
var capability at bus 2, then P O can be utilized as
a line loadability limit. If the resulting minimum
is greater than the var capability at bus 2, then the
line loadability limit is less than P,%, and should be
computed based on a critical angle separation less
than 90° (Equations 20-23). :
MULTIPLE FINI \'} U

The examples shown  above {1lustrate the
sensitivity of the line loadability to var reserves.
The analysis also demonstrated a significant dif-
ference between modeling var source limits as reactive
power limits and capacitive limits. This is due to the
strong coupling and dependence between the voltage
sensitivity and the var support. These phenomena were
{llustrated for the single line with perfect voltage
control at one end. Single lines were considered since
one objective of the analysis was to illustrate that
the single line loadabilities given by the St. Clair
curves and recent work of reference {4] specifically
address the single line case. The above results indi-
cate that these traditional loadabilities should be
used with considerable caution and indeed revised when
the required var support does not exist.

The extension of the analysis presented in this
paper to multiple line and multiple finite var sources
requires the concept of system loadability. System
loadability as presented in reference [3] utilizes
single line limits and thus assumes that the single
line stability margins provide sufficient constraints on
the global system stability margin. Under this assump-—
tion, the consideration of finite var support at one
end of a single line is a first step towards formulat-
ing the more general solution. The results presented in
references [6] and [7] define the system loadability in
a more global sense and formulate feasibility regilons.
These feasibility regions consider multiple lines with
either infinite var support or fixed var supply. As
such they compute system stability margins assuming
either perfect voltage control or no voltage control.
The existence of limited voltage control due to finite
var supplies would have a significant affect on the
global feasibility region and resulting system stabil-
ity margins. Extension of the results presented in
this paper to the more general case of multiple finite
var supplies would require the analysis of multiple
intersecting feasibility regions. Based on the
results of this paper, it 1is reasonable to conjecture
that the intersection may very well pass directly
through the boundary defined by the var limits.

CONCLUSIONS

The importance of var supplies in maintaining
acceptable voltage levels is well known, and widely
studied. The importance of var reserves in maintain-
ing stability margins has not received equal emphasis
in the literature. In fact, virtually all work in the
area of maximum power transfer and import capability
is based on the assumption of unlimited var reserves.

The primary purposes of this paper were to
call attention to the importance of var reserve
modeling in computer applications and to form the
basis for the analysis of interconnected systems.
Specifically, the following points were made: (a)
The critical angular displacement across lines with
finite var supplies may be substantially less than
90°. Indeed realistic cases where maximum power
transfer occurs at less than 30° with rated voltage
at both ends were shown. (b) There is a significant
difference between modeling var limits as fixed capa-
citors and as fixed reactive power sources. This is
particularly important when switched capacitor banks
are modeled as PV buses. (c) Var reserves must be

capable of maintaining voltage well beyond normal
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operating conditfions. That is, if a stability margin
1s desired, the minimum var reserves must be greater
than the var requirements at the top end of the sta-
bility margin. (d) Stability limited line con-
straints based on St. Clair curves or their analytic
equivalent apply only to lines with var reserves
‘large enough to permit loading to an angular displace-
ment of 90°. (e) The maximum power transfer across
a line with limited voltage control may very likely
occur exactly at the point the var limit is reached
regardless of the angular displacement.
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Appendix A

The following derivation solves the following
power flow equations for the nominal values of v2° and
82° for fixed vy, %37, w, ¢ and min Qax

o V1%~
P, = Sin (-8 o) (A-1)
2 x 2
12
2
v,v.©° v °
0=-12 Cos (-62°) - ;z—'ll-xlszI»
*12 12

+ min Qmax (A-2)

From Equation (A-1)

x,.P°
22
v,0 = =t (A-3)
2 vlsin( 62 )
Substitution into Equation (A-2) yilelds
2
P.%Cos(-6,) x,,P,%°(1-x,, wc)
mingQ .+ an 3 )2 -2 22 3 12 (A-4)
2 vy Sin (-62)

Multiplication by v12s1n2(-52) and the use of double
angle identities gives

2 2
(nin Q v,“)Cos 2520 - (P2°v1 )stn(-262°)

2 2 -
- minQ v, +uu5°uqﬁq)-o (A-5)

This equation can be written as

- o - -
Cl Cos ( 262 + CZ) C3 (A-6)
where
- 2 ot .
Cl vy(min %ax) + P2 (A-7)
o
C. = Tan ! T2 (A-8)
: B0 Qe
C, ™ min v,2 - 2x P °2(1-x we) (A-9)
3 Qmax"1 12%2 12
so that the solution is
° -1 EZ
8, = %(C2 - Cos © C; ) (A-10)
and v2° is found from Equation (A-3),
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Discussion

M. Winokur (Imperial College, London, England): The authors are to
be congratulated for their well presented and comprehensive paper on
tine londability constraints dependence on var reserves. This subject has
not received much emphasis in the literature, as the authors rightly
point out, although some work has recently emerged (A) - (C).

A point which we feel merits some discussion is the choice of d.... in
the case of static compensation combined with a controllable var
source. The authors find the angle 3, at the instant the limit Q,.., is hit
from (18) and the angle d,* from (22) for maximum transmissible real
power after Q... is reached. In (23), for Qu.. <V,* (1/X,; - wc), the
critical angle is chosgn as

bere = - max {|04], 2%}

However if P..., is defined as the maximum value of power transfer
for which steady state operation is possible then one should always
define

d:m = dl.
Specifically in the case of the example (b) of Table 2 if:
b = da* = 51° '
the resulting power transfer and voltage at this stability limit point are:
P.. = 8.92 p.u.
V... = 1.14 p.u.
What happens is that because of the value of the static compensation
after the var source has reached its limit, the power demand can still in-
crease causing a rise in load voltage and a corresponding reduction in
the angle across the line. '
In the 8th line of Table 3 the same occurs resulting in
Ocnie = 54°
P.. = 8.64 p.u.
o = 1.07 p.u.
s.m., = 31%

If this proposed criteria of d.... = d,* is applied step No. 5 of the

algorithm needs to be slightly modified resulting in:
vuu > vi,,,_,; dcm < d:mu; pcrh > le.x; S.Mm., > 8.M.y,

It is interesting to note that the values of the critical load voltage can
be very close to, or even higher than the sending end voltage, as shown
in tables 1 and 3. Hence the commonly used criteria of voltage drop
larger than a given amount, say 10% {B}, to indicate critical operation
could be very misleading. Do the authors think that a comparison be-
tween the angle across the line and the critical angle would be a better
indication of stability? If so, how can d.., be calculated given some
static compensation and var source limit for loads with power factor
different from unity?
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T. W. Kay, P. W. Sauer, R. D. Shultz and R. A. Smith: The discussor
has brought up several interesting points about the paper. In order to
address the questions, it is necessary to first comment on the meaning of
a fixed Q... supply. The limits on voltage control devices are normally
based on the limiting output of a voltage regulator. When voltage is
allowed to vary, these limits do not normally translate into fixed reac-
tive power. The comment by M. Winokur that the critical angle and
power for example (b) of Table 2 should be -51° and 8.92 pu is not clear
to us. This would have a load voltage of 1.14 pu which would normalily
initiate regulator action to reduce the voltage level and consequently the
var output. Thus if the regulator set point is 1.0 pu v., the operating
point of 8.92 pu power is not feasible. His comment brings up the in-
teresting question of the affect of the regulator voltage set point on
maximum power transfer. His observation that critical operating points
can occur with seemingly ‘‘good’’ voltages is exactly correct and was
part of our motivation for studying this problem.

We are currently replacing the use of *‘fixed var’’ supplies with more
realistic models of voltage control devices. These include var supplies
with physical limits other than fixed Q.... The papers by Lachs con-
sistently point to tap changing under load transformers as a possible
cause of voltage collapse. We are currently studying the static and
dynamic affects of TCUL action on steady state feasibility and dynamic
stability. We would like to thank M. Winokur for his interest in the
paper and his valuable comments. We agree with him that this area has
been neglected for many years and needs considerable f urther investiga-
tion.
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