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Chapter 1. Introduction
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Figure 1.1 Typical structure of a Swedish distribution system. Transformers

with OLTCs are marked with an arrow.
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Figure 1.2 Field measurement of the voltage in the 10 kV sub-station at �Ostra

Tommarp during load pickup. The tap operations made at �OTP are marked with

+/-1.

made in the sub-station counteract the e�ect of tap changers higher up in

the network.

Poor coordination of cascaded tap changers can be dangerous from a

voltage stability point of view. A sudden voltage drop in the feeding network

may result in considerable voltage overshoot at the load level [Karlsson, 1992,

Altsj�o, 1993] (compare Figure 3.2). Since loads are voltage sensitive, this

will increase the loading of the feeding transmission system. Disturbances

of this type are likely to arise during voltage instability incidents as a result

of tripped lines or generation units in the transmission system. During such

incidents, the transmission system is already operating close to its transfer

limits and increased loading is highly undesirable.

With coordinated control of tap changers, it should be possible to reduce

the number of, or eliminate counteracting tap operations. Consequently, the

total number of operations and the number of voltage spikes due to OLTC

interaction would decrease. Wear on the tap changer mechanism is the most

common reason for transformer maintenance, and therefore a reduction of the

number of tap operations made is highly desirable. Referring to the role of

OLTCs in voltage instability incidents, the new control schemes presented in

this thesis can prevent voltage overshoot due to voltage drops in the feeding

system. With coordinated control, it would also be possible to use alternative

control strategies during voltage instability incidents.
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o
n
s.
It
im
p
ro
v
es
sy
st
em
se
cu
ri
ty
a
n
d
re
d
u
ce
s
im
p
a
ct

o
f
em
er
g
en
cy
lo
a
d
sh
ed
d
in
g
.

A
u
to
m
a
ti
c
F
e
e
d
e
r
R
e
c
o
n
�
g
u
ra
ti
o
n

T
o
d
ay
,
d
is
tr
ib
u
ti
o
n
fe
ed
er
s
a
re
re
co
n
�
g
u
re
d
tw
ic
e
a
y
ea
r
in
S
y
d
k
ra
ft
's

n
et
w
o
rk
's
,
a
t
b
es
t,
to
co
p
e
w
it
h
th
e
se
a
so
n
a
l
lo
a
d
va
ri
a
ti
o
n
s.
O
p
ti
m
a
l

d
is
tr
ib
u
ti
o
n
n
et
w
o
rk
co
n
�
g
u
ra
ti
o
n
in
te
rm
s
o
f
lo
ss
es
a
n
d
se
cu
ri
ty
ca
n
b
e

fo
u
n
d
a
u
to
m
a
ti
ca
ll
y
o
n
a
w
ee
k
ly
o
r
ev
en
d
a
il
y
b
a
si
s.
W
it
h
co
o
rd
in
a
te
d

v
o
lt
a
g
e
co
n
tr
o
l
a
n
d
p
ro
te
ct
io
n
sy
st
em
s
d
is
tr
ib
u
ti
o
n
sy
st
em
s
d
o
n
o
t
n
ee
d

to
b
e
o
p
er
a
te
d
ra
d
ia
ll
y.
T
h
is
re
d
u
ce
s
o
p
er
a
ti
o
n
a
l
co
st
.
[N
a
ra
et
a
l.
,

1
9
9
2
]

F
a
u
lt
D
e
te
c
ti
o
n
/
L
o
c
a
ti
o
n
a
n
d
A
u
to
m
a
ti
c
S
e
c
ti
o
n
a
li
si
n
g

A
u
to
m
a
ti
c
d
et
ec
ti
o
n
a
n
d
lo
ca
li
sa
ti
o
n
o
f
fa
u
lt
s
h
el
p
th
e
re
p
a
ir
p
er
so
n
n
el

lo
ca
te
th
e
fa
u
lt
fo
r
q
u
ic
k
re
p
a
ir
.
S
ec
ti
o
n
a
li
si
n
g
a
ft
er
a
fa
u
lt
ca
n
b
e

d
o
n
e
a
u
to
m
a
ti
ca
ll
y,
q
u
ic
k
ly
is
o
la
ti
n
g
th
e
fa
u
lt
.
T
h
e
a
u
to
m
a
ti
c
fe
ed
er

re
co
n
�
g
u
ra
ti
o
n
sy
st
em

ca
n
th
en
b
e
u
se
d
to
�
n
d
a
n
ew
,
te
m
p
o
ra
ry
,

n
et
w
o
rk
co
n
�
g
u
ra
ti
o
n
fo
r
u
se
w
h
il
e
th
e
sy
st
em
is
u
n
d
er
re
p
a
ir
.
S
in
ce

fa
u
lt
s
ca
n
b
e
d
et
ec
te
d
a
n
d
lo
ca
te
d
m
o
re
ra
p
id
ly
,
it
re
d
u
ce
s
o
u
ta
g
e
ti
m
e

a
n
d
th
er
eb
y
cu
st
o
m
er
in
co
n
v
en
ie
n
ce
a
n
d
lo
st
sa
le
s.
[P
a
rt
a
n
en
et
a
l.
,

1
9
9
4
]

C
u
st
o
m
e
r
R
e
la
ti
o
n
s

T
h
is
in
cl
u
d
es
fo
r
ex
a
m
p
le
o
n
-l
in
e
v
o
lt
a
g
e
q
u
a
li
ty
m
ea
su
re
m
en
t
a
n
d
re
-

m
o
te
m
et
er
re
a
d
in
g
.
In
d
ir
ec
t
lo
a
d
co
n
tr
o
l,
u
si
n
g
d
y
n
a
m
ic
p
ri
ci
n
g
a
s
a
n

1
6

1
.6

H
o
m
e
A
u
to
m
a
ti
o
n

in
ce
n
ti
v
e
o
�
er
s
n
ew
se
rv
ic
es
to
cu
st
o
m
er
s
a
n
d
m
ay
a
ls
o
im
p
ro
v
e
sy
st
em

se
cu
ri
ty
.

W
e
se
e
th
a
t
a
n
u
m
b
er
o
f
b
en
e�
ts
fr
o
m
D
A
ca
n
b
e
ex
p
ec
te
d
,
in
te
rm
s
o
f

se
cu
ri
ty
,
tr
a
n
sf
er
ca
p
a
b
il
it
y,
v
o
lt
a
g
e
q
u
a
li
ty
a
n
d
re
d
u
ce
d
m
a
in
te
n
a
n
ce
co
st
s.

H
ow
ev
er
,
a
ll
th
e
D
A
a
p
p
li
ca
ti
o
n
s
d
is
cu
ss
ed
h
er
e
re
ly
o
n
im
p
ro
v
ed
d
is
tr
ib
u
-

ti
o
n
sy
st
em
st
a
te
k
n
ow
le
d
g
e
a
n
d
co
n
tr
o
ll
a
b
il
it
y.
C
o
m
m
u
n
ic
a
ti
o
n
fa
ci
li
ti
es
a
re

es
se
n
ti
a
l
si
n
ce
m
o
st
fu
n
ct
io
n
s
re
ly
o
n
ce
n
tr
a
li
se
d
o
r
co
o
rd
in
a
te
d
co
n
tr
o
l
a
t

so
m
e
le
v
el
.
S
o
m
e
fu
n
ct
io
n
s,
fo
r
ex
a
m
p
le
in
d
ir
ec
t
lo
a
d
co
n
tr
o
l,
re
q
u
ir
e
co
m
-

m
u
n
ic
a
ti
o
n
a
ll
th
e
w
ay
d
ow
n
to
th
e
cu
st
o
m
er
le
v
el
a
n
d
a
re
th
er
ef
o
re
th
e
m
o
st

co
st
ly
to
im
p
le
m
en
t,
w
h
er
ea
s
so
m
e
o
th
er
fu
n
ct
io
n
s
li
k
e
co
o
rd
in
a
te
d
v
o
lt
a
g
e

co
n
tr
o
l
o
r
fe
ed
er
re
a
ll
o
ca
ti
o
n
sc
h
em
es
ca
n
b
e
e�
ec
ti
v
el
y
u
se
d
o
n
th
e
M
V
le
v
el
.

T
h
e
fa
ct
th
a
t
it
is
p
o
ss
ib
le
to
u
se
th
e
sa
m
e
co
m
m
u
n
ic
a
ti
o
n
in
fr
a
st
ru
ct
u
re
fo
r

th
e
d
i�
er
en
t
fu
n
ct
io
n
s
sh
o
u
ld
b
e
ex
p
lo
it
ed
a
n
d
it
is
th
e
a
u
th
o
r'
s
o
p
in
io
n
th
a
t

it
h
a
s
to
b
e
d
o
n
e
in
o
rd
er
to
m
a
k
e
D
A
co
st
-e
�
ec
ti
v
e.
T
h
is
m
a
k
es
st
a
n
d
a
rd
i-

sa
ti
o
n
is
su
es
a
n
im
p
o
rt
a
n
t
a
sp
ec
t
o
f
D
A
.
T
h
e
IE
C
,
C
IG
R
E
,
E
d
F
,
IE
E
E
a
n
d

E
P
R
I
a
ll
h
av
e
th
ei
r
ow
n
w
o
rk
in
g
g
ro
u
p
s
lo
o
k
in
g
in
to
th
is
m
a
tt
er
[L
ee
-S
m
it
h
,

1
9
9
6
].
A
lt
h
o
u
g
h
th
e
m
a
jo
ri
ty
o
f
w
o
rk
in
th
is
�
el
d
h
a
s
b
ee
n
co
m
p
a
n
y
o
r

a
p
p
li
ca
ti
o
n
sp
ec
i�
c,
L
ee
-S
m
it
h
fo
re
se
es
th
a
t
a
st
a
n
d
a
rd
is
a
cc
ep
te
d
b
y
th
e

A
m
er
ic
a
n
p
ow
er
in
d
u
st
ri
es
w
it
h
in
th
e
n
ex
t
tw
o
y
ea
rs
.

1
.6
H
o
m
e
A
u
to
m
a
ti
o
n

A
n
o
th
er
b
ra
n
ch
o
f
a
u
to
m
a
ti
o
n
,
w
h
ic
h
is
re
le
va
n
t
to
D
A
,
is
H
o
m
e
A
u
to
m
a
-

ti
o
n
(H
A
).
T
h
e
in
tr
o
d
u
ct
io
n
o
f
H
A
a
im
s
a
t
im
p
ro
v
in
g
li
v
in
g
co
m
fo
rt
,
se
cu
-

ri
ty
a
n
d
/
o
r
re
d
u
ci
n
g
ru
n
n
in
g
co
st
s
o
f
a
h
o
u
se
h
o
ld
b
y
m
ea
n
s
o
f
a
u
to
m
a
ti
o
n
.

S
o
m
e
sp
ec
i�
c
fu
n
ct
io
n
s
a
re
li
g
h
ti
n
g
co
n
tr
o
l,
se
cu
ri
ty
-
a
n
d
en
er
g
y
m
a
n
a
g
e-

m
en
t.
X
1
0
,
C
E
B
u
s
a
n
d
L
o
n
W
o
rk
s
a
re
th
re
e
o
f
th
e
m
o
st
w
id
el
y
u
se
d
co
m
-

m
u
n
ic
a
ti
o
n
st
a
n
d
a
rd
s.
T
h
e
en
er
g
y
m
a
n
a
g
em
en
t
fu
n
ct
io
n
s
o
f
H
A
a
re
v
er
y

cl
o
se
ly
re
la
te
d
to
D
A
,
fo
r
ex
a
m
p
le
in
d
ir
ec
t
lo
a
d
co
n
tr
o
l
u
si
n
g
d
y
n
a
m
ic
p
ri
c-

in
g
a
ss
u
m
es
th
a
t
th
er
e
is
in
te
ll
ig
en
t
co
n
tr
o
l
a
t
th
e
cu
st
o
m
er
si
d
e.
In
th
es
e

a
p
p
li
ca
ti
o
n
s,
H
A
w
il
l
in
te
ra
ct
w
it
h
D
A
.
A
ty
p
ic
a
l
H
A
en
er
g
y
m
a
n
a
g
em
en
t

fu
n
ct
io
n
is
co
o
rd
in
a
te
d
co
n
tr
o
l
o
f
w
a
te
r
h
ea
te
rs
a
n
d
el
ec
tr
ic
sp
a
ce
h
ea
ti
n
g

su
ch
th
a
t
th
ey
a
re
n
o
t
o
p
er
a
ti
n
g
si
m
u
lt
a
n
eo
u
sl
y
to
m
in
im
is
e
th
e
m
a
x
im
u
m

p
ow
er
d
em
a
n
d
o
f
th
e
h
o
u
se
h
o
ld
.
U
si
n
g
d
y
n
a
m
ic
p
ri
ci
n
g
,
a
D
A
in
d
ir
ec
t
lo
a
d

co
n
tr
o
l
sy
st
em
m
ay
p
er
su
a
d
e
th
e
H
A
sy
st
em
to
sw
it
ch
o
u
t
b
o
th
h
ea
ti
n
g
sy
s-

te
m
s
d
u
ri
n
g
p
ea
k
lo
a
d
co
n
d
it
io
n
s.
S
im
il
a
r
en
er
g
y
m
a
n
a
g
em
en
t
fu
n
ct
io
n
s
a
re

b
ei
n
g
d
is
cu
ss
ed
w
it
h
in
va
ri
o
u
s
en
er
g
y
-i
n
te
n
si
v
e
in
d
u
st
ri
es
.
In
th
is
w
ay
th
e

in
te
ra
ct
io
n
a
m
o
n
g
H
A
a
n
d
D
A
sy
st
em
s
o
�
er
s
b
en
e�
ts
to
cu
st
o
m
er
s
a
s
w
el
l

a
s
u
ti
li
ti
es
.
O
n
e
ex
a
m
p
le
o
f
d
y
n
a
m
ic
lo
a
d
co
n
tr
o
l
h
a
s
b
ee
n
ex
a
m
in
ed
b
y

[E
ri
cs
so
n
,
1
9
9
7
].
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2 T
h
e
C
o
n
tr
o
l
P
ro
b
le
m

W
h
en
th
e
sp
ea
ke
r
a
n
d
h
e
to
w
h
o
m

h
e
is
sp
ea
ks
d
o

n
o
t
u
n
d
er
st
a
n
d
,
th
a
t
is
m
et
a
p
h
ys
ic
s.

V
o
lt
a
ir
e

2
.1
T
h
e
P
h
y
si
c
s
in
a
D
is
tr
ib
u
ti
o
n
N
e
tw
o
rk

T
h
e
b
a
si
c
p
h
y
si
ca
l
p
h
en
o
m
en
a
th
a
t
cr
ea
te
th
e
n
ee
d
fo
r
v
o
lt
a
g
e
co
n
tr
o
l
ca
n
b
e

u
n
d
er
st
o
o
d
fr
o
m
F
ig
u
re
2
.1
.
It
il
lu
st
ra
te
s
th
e
co
u
p
li
n
g
s
b
et
w
ee
n
th
e
d
i�
er
en
t

p
h
y
si
ca
l
q
u
a
n
ti
ti
es
in
v
o
lv
ed
.
In
th
e
fo
ll
ow
in
g
se
ct
io
n
s,
th
es
e
a
re
il
lu
st
ra
te
d

b
y
si
m
u
la
ti
o
n
o
f
th
e
si
m
p
le
ra
d
ia
l
d
is
tr
ib
u
ti
o
n
sy
st
em

in
F
ig
u
re
2
.2
.
T
h
e

sy
st
em

is
a
m
o
d
el
o
f
th
e
sy
st
em

fe
ed
in
g
th
e
T
o
m
el
il
la
(T
L
A
)
d
is
tr
ib
u
ti
o
n

sy
st
em
d
ow
n
to
th
e
5
0
k
V
b
u
s-
b
a
r.
A
n
id
ea
l
g
en
er
a
to
r
fe
ed
s
a
d
is
tr
ib
u
ti
o
n

sy
st
em
th
ro
u
g
h
a
tr
a
n
sm
is
si
o
n
sy
st
em
eq
u
iv
a
le
n
t
(Z
0
6
� 0
).
T
h
e
d
is
tr
ib
u
ti
o
n

sy
st
em
is
m
o
d
el
le
d
a
s
a
n
id
ea
l
tr
a
n
sf
o
rm
er
in
se
ri
es
w
it
h
a
d
is
tr
ib
u
ti
o
n
sy
st
em

im
p
ed
a
n
ce
.
T
h
e
d
is
tr
ib
u
ti
o
n
lo
a
d
h
a
s
b
ee
n
a
g
g
re
g
a
te
d
a
t
b
u
s
2
.
R
el
ev
a
n
t

sy
st
em
p
a
ra
m
et
er
va
lu
es
a
re
g
iv
en
in
A
p
p
en
d
ix
A
.1
.

L
in
e
V
o
lt
a
g
e
D
ro
p

C
o
n
si
d
er
a
p
ow
er
tr
a
n
sp
o
rt
th
ro
u
g
h
th
e
im
p
ed
a
n
ce
(Z
0
6
� 0
)
in
F
ig
u
re
2
.2
.

T
h
e
a
ct
iv
e
a
n
d
re
a
ct
iv
e
p
ow
er
re
ce
iv
ed
a
t
b
u
s
1
th
ro
u
g
h
th
e
im
p
ed
a
n
ce
ca
n

b
e
w
ri
tt
en
:

�
P
1
0

=

V
v 1
co
s(
� 0
+
� 1
)

Z
0

�
v 1
2
co
s(
� 0
)

Z
0

(2
.1
)

�
Q
1
0

=

V
v 1
si
n
(�
0
+
� 1
)

Z
0

�
v 1
2
si
n
(�
0
)

Z
0

(2
.2
)
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C
h
a
p
te
r
2
.

T
h
e
C
o
n
tr
o
l
P
ro
bl
em

P
d,

 Q
d

A
ct

ua
l L

oa
d

V

V
ol

ta
ge

B

R
ea

ct
iv

e 
Po

w
er

C
om

pe
ns

at
io

n

n

T
ap

 P
os

iti
on

R
ea

ct
iv

e 
Po

w
er

 
C

on
tr

ol

L
in

e 
V

ol
ta

ge
 D

ro
p

L
oa

d 
D

yn
am

ic
s

T
ap

 C
ha

ng
es

V
ol

ta
ge

 C
on

tr
ol

C
ap

ac
ito

r 
B

an
k

Sw
itc

hi
ng

C
on

ne
ct

ed
 L

oa
d

P
0,

 Q
0

Fe
ed

in
g 

V
ol

ta
ge

V
ar

ia
tio

ns
V

F
ig
u
r
e
2
.1

S
k
et
ch
il
lu
st
ra
ti
n
g
th
e
co
u
p
li
n
g
s
b
et
w
ee
n
th
e
p
h
y
si
ca
l
p
h
en
o
m
en
a

th
a
t
cr
ea
te
th
e
n
ee
d
fo
r
v
o
lt
a
g
e
co
n
tr
o
l.

B
1:

n

P
d

Q
d

G

V
∠0

v 1
∠

δ 1
v 2

∠
δ 2

Z
0∠

θ 0
Z

 t 
∠

θ t

bu
s 

0
bu

s 
1

bu
s 

2

F
ig
u
r
e
2
.2

A
si
m
p
le
m
o
d
el
o
f
th
e
d
is
tr
ib
u
ti
o
n
sy
st
em
st
u
d
ie
d
.

w
h
er
e
V
a
n
d
v 1
a
re
th
e
se
n
d
in
g
a
n
d
re
ce
iv
in
g
en
d
v
o
lt
a
g
e
a
m
p
li
tu
d
es
re
sp
ec
-

ti
v
el
y,
a
n
d
� 1
th
e
re
ce
iv
in
g
en
d
v
o
lt
a
g
e
a
n
g
le
.
G
iv
en
th
e
a
ct
iv
e
a
n
d
re
a
ct
iv
e

p
ow
er
tr
a
n
sp
o
rt
,
th
e
re
ce
iv
in
g
en
d
v
o
lt
a
g
e
a
n
d
v
o
lt
a
g
e
a
n
g
le
ca
n
b
e
n
u
m
er
-

ic
a
ll
y
co
m
p
u
te
d
fr
o
m

E
q
u
a
ti
o
n
s
(2
.1
)-
(2
.2
).
F
ig
u
re
2
.3
sh
ow
s
th
e
v
o
lt
a
g
e

a
m
p
li
tu
d
e
a
t
b
u
s
1
fo
r
d
i�
er
en
t
lo
a
d
co
n
d
it
io
n
s.
T
h
e
sh
a
d
ed
p
a
rt
o
f
th
e

su
rf
a
ce
co
rr
es
p
o
n
d
s
to
ca
se
s
w
h
er
e
th
e
su
b
-s
ta
ti
o
n
tr
a
n
sf
o
rm
er
s
a
t
T
o
m
el
il
la

a
re
o
p
er
a
te
d
b
el
ow
th
ei
r
ra
te
d
li
m
it
s
(1
0
0
M
V
A
).
T
h
e
v
o
lt
a
g
e
d
ro
p
in
cr
ea
se
s

w
it
h
in
cr
ea
se
d
lo
a
d
in
g
o
f
th
e
li
n
e.
A
ls
o
,
re
a
ct
iv
e
lo
a
d
in
g
ca
u
se
s
a
sl
ig
h
tl
y

la
rg
er
v
o
lt
a
g
e
d
ro
p
th
a
n
co
rr
es
p
o
n
d
in
g
a
ct
iv
e
lo
a
d
in
g
.
T
h
e
v
o
lt
a
g
e
d
ro
p
a
t

th
e
1
3
0
k
V
b
u
s
is
a
b
o
u
t
5
-1
0
%
d
ep
en
d
in
g
o
n
th
e
lo
a
d
p
ow
er
fa
ct
o
r
w
h
en

th
e
tr
a
n
sf
o
rm
er
is
lo
a
d
ed
to
th
e
ra
te
d
p
ow
er
lo
a
d
in
g
.
T
h
e
ca
p
a
ci
to
r
b
a
n
k

h
a
s
b
ee
n
sw
it
ch
ed
o
�
in
th
e
ca
lc
u
la
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h
eq
u
iv
a
le
n
t

co
n
v
en
ti
o
n
a
l
O
L
T
C
s.
A
ls
o
th
ey
h
av
e
p
o
o
r
ca
p
a
b
il
it
y
o
f
w
it
h
st
a
n
d
in
g
fa
u
lt

cu
rr
en
ts
[W
o
o
d
et
a
l.
,
1
9
8
8
].
T
h
er
ef
o
re
,
u
n
ti
l
si
g
n
i�
ca
n
t
p
ro
g
re
ss
is
m
a
d
e
in

h
ig
h
v
o
lt
a
g
e
p
ow
er
-e
le
ct
ro
n
ic
s
te
ch
n
o
lo
g
y,
p
ow
er
-e
le
ct
ro
n
ic
ta
p
ch
a
n
g
er
s
a
re

n
o
t
li
k
el
y
to
b
e
w
id
el
y
u
se
d
in
d
is
tr
ib
u
ti
o
n
n
et
w
o
rk
s
in
th
e
n
ea
r
fu
tu
re
.
W
h
en

th
e
te
ch
n
o
lo
g
y
is
m
a
tu
re
a
n
d
co
m
p
et
it
iv
e
p
ow
er
-e
le
ct
ro
n
ic
ta
p
ch
a
n
g
er
s
a
re

av
a
il
a
b
le
,
it
w
il
l
b
e
se
v
er
a
l
d
ec
a
d
es
b
ef
o
re
a
ll
co
n
v
en
ti
o
n
a
l
ta
p
ch
a
n
g
er
s
a
re

re
p
la
ce
d
.
T
h
er
ef
o
re
co
o
rd
in
a
te
d
ta
p
ch
a
n
g
er
co
n
tr
o
l
w
il
l
n
o
t
b
e
o
b
so
le
te

w
it
h
in
th
e
n
ea
r
fu
tu
re
.

2
.2
T
h
e
� O
st
e
rl
e
n
T
e
st
S
y
st
e
m

A
b
ra
n
ch
o
f
th
e
d
is
tr
ib
u
ti
o
n
sy
st
em
a
t
� O
st
er
le
n
(F
ig
u
re
2
.9
)
w
a
s
ch
o
se
n
fo
r

th
is
st
u
d
y
o
f
th
e
co
o
rd
in
a
te
d
v
o
lt
a
g
e
co
n
tr
o
l
p
ro
b
le
m
.
� O
st
er
le
n
is
a
ru
ra
l

a
re
a
in
th
e
S
o
u
th
ea
st
o
f
S
w
ed
en
.
A
p
re
li
m
in
a
ry
st
u
d
y
in
th
e
a
re
a
fo
u
n
d

co
n
si
d
er
a
b
le
in
te
ra
ct
io
n
a
m
o
n
g
th
e
ca
sc
a
d
ed
ta
p
ch
a
n
g
er
s
[K
a
rl
ss
o
n
,
1
9
9
3
].

A
t
T
o
m
el
il
la
,
th
er
e
a
re
tw
o
1
0
0
/
1
0
0
/
4
0
M
V
A
,
1
3
0
/
5
0
/
2
0
k
V
ta
p
ch
a
n
g
in
g

tr
a
n
sf
o
rm
er
s.
D
u
ri
n
g
th
e
w
in
te
r,
b
o
th
tr
a
n
sf
o
rm
er
s
a
re
in
u
se
w
it
h
th
ei
r

co
n
tr
o
l
sy
st
em
s
o
p
er
a
te
d
in
a
m
a
st
er
-s
la
v
e
co
n
�
g
u
ra
ti
o
n
.
T
o
re
d
u
ce
th
e
n
o

lo
a
d
lo
ss
es
,
o
n
ly
o
n
e
tr
a
n
sf
o
rm
er
is
u
se
d
d
u
ri
n
g
th
e
su
m
m
er
.
T
h
e
5
0
k
V

si
d
es
o
f
th
e
T
L
A
tr
a
n
sf
o
rm
er
s
a
re
co
n
n
ec
te
d
to
th
re
e
5
0
/
2
0
k
V
tr
a
n
sf
o
rm
er

su
b
-s
ta
ti
o
n
s,
o
n
e
o
f
w
h
ic
h
is
J
�a
rr
es
ta
d
(J
S
D
),
th
ro
u
g
h
ov
er
h
ea
d
li
n
es
.
T
h
e

ta
p
ch
a
n
g
er
s
in
T
L
A
a
re
p
la
ce
d
o
n
th
e
1
3
0
k
V
w
in
d
in
g
s,
a
n
d
co
n
tr
o
ls
th
e

2
0
k
V
v
o
lt
a
g
e.
A
t
th
e
1
3
0
k
V
b
u
s-
b
a
r
th
er
e
a
re
o
n
e
2
0
a
n
d
o
n
e
4
0
M
V
A
r

ca
p
a
ci
to
r
b
a
n
k
p
re
se
n
t,
m
a
k
in
g
re
a
ct
iv
e
p
ow
er
co
m
p
en
sa
ti
o
n
o
f
2
0
,
4
0
o
r

6
0
M
V
A
r
p
o
ss
ib
le
.
S
in
ce
th
e
ca
p
a
ci
to
r
b
a
n
k
s
sh
a
re
a
si
n
g
le
ci
rc
u
it
b
re
a
k
er
,

w
it
h
d
is
co
n
n
ec
to
rs
d
et
er
m
in
in
g
th
e
a
m
o
u
n
t
o
f
re
a
ct
iv
e
co
m
p
en
sa
ti
o
n
u
se
d
,

th
e
ca
p
a
ci
to
r
b
a
n
k
s
ca
n
n
o
t
b
e
o
p
er
a
te
d
in
2
0
M
V
A
r
st
ep
s.
T
h
e
sw
it
ch
in
g
s

o
f
th
e
ca
p
a
ci
to
r
b
a
n
k
s
a
re
th
er
ef
o
re
a
si
g
n
i�
ca
n
t
d
is
tu
rb
a
n
ce
to
th
e
v
o
lt
a
g
e

co
n
tr
o
l.
T
h
e
ca
p
a
ci
to
r
b
a
n
k
s
a
re
p
a
rt
o
f
th
e
su
b
-t
ra
n
sm
is
si
o
n
sy
st
em
a
n
d

a
re
m
a
n
u
a
ll
y
co
n
tr
o
ll
ed
fr
o
m
th
e
sy
st
em
o
p
er
a
ti
o
n
s
ce
n
te
r
in
M
a
lm
�o
,
u
su
a
ll
y

sw
it
ch
ed
in
in
th
e
m
o
rn
in
g
a
n
d
sw
it
ch
ed
o
u
t
in
th
e
ev
en
in
g
.
F
o
r
th
is
re
a
so
n
,

th
ey
a
re
n
o
t
co
n
si
d
er
ed
co
n
tr
o
ll
a
b
le
b
y
th
e
v
o
lt
a
g
e
co
n
tr
o
l
sy
st
em
s
in
th
is

th
es
is
.
T
h
e
O
L
T
C
s
in
T
L
A
h
av
e
st
ep
s
o
f
1
.6
7
%
.

A
t
J
�a
rr
es
ta
d
(J
S
D
),
o
n
e
o
f
th
e
tw
o
1
6
M
V
A
ta
p
ch
a
n
g
in
g
tr
a
n
sf
o
rm
er
s

is
n
o
rm
a
ll
y
in
o
p
er
a
ti
o
n
w
it
h
th
e
o
th
er
o
n
e
a
s
a
b
a
ck
u
p
.
T
h
e
J
S
D
st
a
ti
o
n

su
p
p
li
es
th
e
� O
st
ra
T
o
m
m
a
rp
(
� O
T
P
)
a
n
d
�
v
e
o
th
er
2
0
/
1
0
k
V
tr
a
n
sf
o
rm
er
s

m
a
in
ly
th
ro
u
g
h
ov
er
h
ea
d
li
n
es
.
T
h
e
O
L
T
C
s
in
J
S
D
h
av
e
st
ep
s
o
f
2
.5
%
.

T
h
er
e
is
o
n
e
4
M
V
A
a
n
d
o
n
e
2
M
V
A
2
0
/
1
0
k
V
tr
a
n
sf
o
rm
er
a
t
� O
T
P
.
T
h
e

4
M
V
A
tr
a
n
sf
o
rm
er
is
n
o
rm
a
ll
y
in
u
se
w
it
h
th
e
2
M
V
A
o
n
e
a
s
a
b
a
ck
u
p
.
T
h
e

2
8

2
.2

T
h
e
� O
st
er
le
n
T
es
t
S
ys
te
m

Ö
. T

om
m

ar
p

Jä
rr

es
ta

d
T

om
el

ill
a

Y
st

ad

T
re

lle
bo

r g

M
al

m
ö

Lu
nd

S 
k 

å 
n 

e

0
km

10

F
ig
u
r
e
2
.9

M
a
p
o
f
th
e
� O
st
er
le
n
te
st
a
re
a
.
T
h
e
th
ic
k
li
n
e
d
en
o
te
s
th
e
p
ow
er

li
n
es
o
f
th
e
b
ra
n
ch
T
L
A
-J
S
D
-
� O
T
P
.
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L
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Ö
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Z
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1
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∠δ

3
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4
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B

V
∠0

F
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u
r
e
2
.1
0

S
ch
em
a
ti
c
o
f
th
e
te
st
sy
st
em
a
t
� O
st
er
le
n
.

� O
T
P
su
b
-s
ta
ti
o
n
su
p
p
li
es
4
2
1
0
/
0
.4
k
V
tr
a
n
sf
o
rm
er
s
m
a
in
ly
th
ro
u
g
h
ov
er
-

h
ea
d
li
n
es
.
T
h
es
e
tr
a
n
sf
o
rm
er
s
a
re
o
n
ly
eq
u
ip
p
ed
w
it
h
o
�
-l
o
a
d
ta
p
ch
a
n
g
er
s,

a
n
d
th
ey
a
re
n
o
t
in
cl
u
d
ed
in
th
e
si
m
u
la
ti
o
n
m
o
d
el
.
T
h
e
O
L
T
C
s
in
� O
T
P
h
av
e

st
ep
s
o
f
1
.6
7
%
.

F
ig
u
re
2
.1
0
sh
ow
s
a
sc
h
em
a
ti
c
o
f
th
e
te
st
sy
st
em
w
it
h
th
e
sy
m
b
o
ls
u
se
d
in

th
e
n
et
w
o
rk
m
o
d
el
g
iv
en
in
A
p
p
en
d
ix
A
.1
a
lo
n
g
w
it
h
va
lu
es
o
f
th
e
re
le
va
n
t

p
a
ra
m
et
er
s.
T
h
e
2
0
k
V
si
d
e
o
f
th
e
T
o
m
el
il
la
th
re
e-
w
in
d
in
g
tr
a
n
sf
o
rm
er
is

n
o
t
in
cl
u
d
ed
in
th
e
m
o
d
el
a
n
d
th
e
2
0
k
V
lo
a
d
h
a
s
th
er
ef
o
re
b
ee
n
sh
if
te
d
to

th
e
5
0
k
V
si
d
e
in
th
e
si
m
u
la
ti
o
n
s.
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C
h
a
p
te
r
2
.

T
h
e
C
o
n
tr
o
l
P
ro
bl
em

2
.3
V
o
lt
a
g
e
a
n
d
O
L
T
C
C
o
n
tr
o
l
S
y
st
e
m

S
ta
b
il
it
y

V
o
lt
a
g
e
st
a
b
il
it
y
h
a
s
b
ee
n
o
n
e
o
f
th
e
m
a
in
re
se
a
rc
h
a
re
a
s
o
f
th
e
p
ow
er
sy
st
em

�
el
d
d
u
ri
n
g
th
e
la
st
d
ec
a
d
es
.
O
L
T
C
s
a
re
o
ft
en
re
fe
rr
ed
to
a
s
im
p
o
rt
a
n
t

co
n
tr
ib
u
to
rs
to
v
o
lt
a
g
e
in
st
a
b
il
it
y,
si
n
ce
th
ey
a
im

to
re
st
o
re
lo
a
d
v
o
lt
a
g
es

a
n
d
th
er
eb
y
lo
a
d
p
ow
er
to
th
e
n
o
m
in
a
l
le
v
el
s
ev
en
th
o
u
g
h
th
e
tr
a
n
sm
is
si
o
n

sy
st
em
v
o
lt
a
g
es
m
ay
b
y
lo
w
d
u
e
to
se
v
er
e
d
is
tu
rb
a
n
ce
s.
D
u
ri
n
g
th
es
e
ex
tr
em
e

o
p
er
a
ti
n
g
co
n
d
it
io
n
s
O
L
T
C
s
m
ay
ex
h
ib
it
a
re
v
er
se
a
ct
io
n
ch
a
ra
ct
er
is
ti
c
su
ch

th
a
t
a
n
u
p
w
a
rd
ta
p
o
p
er
a
ti
o
n
m
ig
h
t
a
ct
u
a
ll
y
y
ie
ld
a
lo
w
er
se
co
n
d
a
ry
si
d
e

v
o
lt
a
g
e,
b
ec
a
u
se
o
f
th
e
a
d
d
it
io
n
a
l
st
ra
in
p
u
t
o
n
th
e
su
p
p
ly
in
g
sy
st
em
.
S
ev
er
a
l

st
u
d
ie
s
h
av
e
su
g
g
es
te
d
ta
p
lo
ck
in
g
a
s
a
n
em
er
g
en
cy
a
ct
io
n
to
av
o
id
v
o
lt
a
g
e

co
ll
a
p
se
,
fo
r
ex
a
m
p
le
[P
o
p
ov
i�c
,
1
9
9
5
].

V
o
lt
a
g
e
st
a
b
il
it
y
is
m
a
in
ly
a
co
n
ce
rn
o
f
th
e
tr
a
n
sm
is
si
o
n
sy
st
em
,
a
lt
h
o
u
g
h

lo
ca
l
v
o
lt
a
g
e
co
ll
a
p
se
w
it
h
in
a
d
is
tr
ib
u
ti
o
n
sy
st
em

w
h
en
th
e
tr
a
n
sm
is
si
o
n

sy
st
em
h
a
s
a
cc
ep
ta
b
le
v
o
lt
a
g
es
is
th
eo
re
ti
ca
ll
y
p
o
ss
ib
le
.
H
ow
ev
er
,
fo
r
ra
d
ia
l

sy
st
em
s
w
it
h
o
u
t
re
a
ct
iv
e
co
m
p
en
sa
ti
o
n
b
el
ow
th
e
O
L
T
C
s,
th
e
m
o
st
o
b
v
io
u
s

so
u
rc
e
o
f
O
L
T
C
co
n
tr
o
l
sy
st
em
in
st
a
b
il
it
y
is
th
e
re
v
er
se
a
ct
io
n
p
h
en
o
m
en
a
.

F
o
r
th
e
� O
st
er
le
n
te
st
sy
st
em
(a
n
d
p
o
ss
ib
ly
S
w
ed
is
h
d
is
tr
ib
u
ti
o
n
sy
st
em
s
in

g
en
er
a
l)
,
th
e
re
v
er
se
a
ct
io
n
p
h
en
o
m
en
a
re
q
u
ir
es
lo
a
d
in
g
w
el
l
b
ey
o
n
d
th
e
ra
te
d

cu
rr
en
t
li
m
it
s
o
f
th
e
d
is
tr
ib
u
ti
o
n
sy
st
em

co
m
p
o
n
en
ts
to
o
cc
u
r.
S
in
ce
th
e

co
n
tr
o
l
sc
h
em
es
p
re
se
n
te
d
in
C
h
a
p
te
r
3
a
re
in
te
n
d
ed
fo
r
n
o
rm
a
l-
st
a
te
co
n
tr
o
l,

th
e
is
su
e
o
f
O
L
T
C
co
n
tr
o
l
sy
st
em
st
a
b
il
it
y
is
n
o
t
a
d
d
re
ss
ed
th
er
e.
S
tu
d
ie
s

o
n
th
e
st
a
b
il
it
y
o
f
O
L
T
C
co
n
tr
o
l
sc
h
em
es
h
av
e
b
ee
n
ca
rr
ie
d
o
u
t
in
[M
ed
a
n
i�c

et
a
l.
,
1
9
8
7
,
Y
o
ri
n
o
et
a
l.
,
1
9
9
6
].
A
ls
o
,
C
h
a
p
te
r
6
o
�
er
s
so
m
e
n
ew
re
su
lt
s
o
n

O
L
T
C
co
n
tr
o
l
sy
st
em
st
a
b
il
it
y.

3
0

3 C
o
or
d
in
at
ed
T
ap
C
h
a
n
g
er

C
o
n
tr
o
l
S
ch
em
es

F
a
th
er
,
fo
rg
iv
e
th
em
,
fo
r
th
ey
h
a
ve
n
o
t
kn
o
w
n
w
h
a
t

th
ey
d
o
.

J
es
u
s

T
h
is
ch
a
p
te
r
p
re
se
n
ts
th
e
th
re
e
co
n
tr
o
l
sc
h
em
es
co
n
si
d
er
ed
in
th
e
th
es
is
.

U
si
n
g
si
m
u
la
ti
o
n
s
o
f
th
e
� O
st
er
le
n
te
st
sy
st
em
in
F
ig
u
re
2
.1
0
,
th
e
d
i�
er
en
ce
s

b
et
w
ee
n
th
e
co
n
tr
o
l
sc
h
em
es
a
re
il
lu
st
ra
te
d
b
y
si
m
u
la
ti
o
n
o
f
a
si
n
g
le
d
ay
s

o
p
er
a
ti
o
n
.
S
im
u
la
ti
o
n
a
n
d
m
ea
su
re
m
en
t
re
su
lt
s
fo
r
su
m
m
er
,
a
u
tu
m
n
a
n
d

w
in
te
r
o
p
er
a
ti
n
g
co
n
d
it
io
n
s
a
re
p
re
se
n
te
d
in
C
h
a
p
te
r
5
.

3
.1
D
e
m
a
n
d
s
o
n
S
u
p
p
ly
V
o
lt
a
g
e
V
a
ri
a
ti
o
n

A
cc
o
rd
in
g
to
th
e
S
w
ed
is
h
st
a
n
d
a
rd
[S
S
4
2
1
1
8
1
1
,
1
9
8
9
],
th
e
v
o
lt
a
g
e
R
M
S

va
lu
e
sh
a
ll
b
e
w
it
h
in
:

V
N

�
1
0
%
<
v
<
V
N

+
6
%

(3
.1
)

fo
r
L
V
n
et
w
o
rk
s,
w
h
er
e
V
N

is
th
e
n
o
m
in
a
l
v
o
lt
a
g
e.
T
h
er
e
is
n
o
si
m
il
a
r
st
a
n
-

d
a
rd
fo
r
th
e
M
V
v
o
lt
a
g
es
,
b
u
t
si
n
ce
th
er
e
is
n
o
d
ir
ec
t
v
o
lt
a
g
e
co
n
tr
o
l
a
t
th
e

L
V
le
v
el
,
th
e
M
V
v
o
lt
a
g
es
m
u
st
b
e
re
g
u
la
te
d
to
k
ee
p
th
e
L
V
v
o
lt
a
g
es
w
it
h
in

a
cc
ep
ta
b
le
li
m
it
s.
T
h
e
li
m
it
s
u
se
d
in
th
is
th
es
is
a
re
:

�
3
:5
%
<
v d
e
v
<
3
:5
%

(3
.2
)

d
u
ri
n
g
n
o
rm
a
l
se
rv
ic
e
co
n
d
it
io
n
s
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r
M
V
n
et
w
o
rk
s,
w
h
er
e
v d
e
v
is
th
e
v
o
lt
a
g
e

d
ev
ia
ti
o
n
fr
o
m
se
t-
p
o
in
t.
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tio

n
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fu
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un
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 d

 

F
ig
u
r
e
3
.1

S
ta
te
g
ra
p
h
il
lu
st
ra
ti
n
g
fu
n
ct
io
n
o
f
a
n
o
n
-s
eq
u
en
ti
a
l
O
L
T
C
co
n
tr
o
l

sy
st
em
.

3
.2
C
o
n
v
e
n
ti
o
n
a
l
C
o
n
tr
o
ll
e
rs

A
n
ea
rl
y
d
et
a
il
ed
d
es
cr
ip
ti
o
n
o
f
a
ty
p
ic
a
l
O
L
T
C
co
n
tr
o
l
sy
st
em

w
a
s
g
iv
en

in
[� C
a
lo
v
i�c
,
1
9
8
4
].
T
h
e
p
ro
p
o
se
d
O
L
T
C
m
o
d
el
w
a
s
a
co
m
p
le
x
n
o
n
li
n
ea
r
d
y
-

n
a
m
ic
m
o
d
el
th
a
t
en
co
m
p
a
ss
ed
so
m
e
in
h
er
en
t
ti
m
e
d
el
ay
s.
M
o
re
re
ce
n
t
w
o
rk

p
re
se
n
te
d
in
[S
a
u
er
a
n
d
P
a
i,
1
9
9
4
]
ex
p
lo
re
d
fu
rt
h
er
th
e
ta
p
ch
a
n
g
er
m
o
d
el
li
n
g

is
su
e.
D
ep
en
d
in
g
o
n
th
e
O
L
T
C
ch
a
ra
ct
er
is
ti
c
(t
y
p
e
o
f
ti
m
e
d
el
ay
),
va
ri
o
u
s

d
is
cr
et
e
st
a
te
d
y
n
a
m
ic
m
o
d
el
s
a
n
d
co
rr
es
p
o
n
d
in
g
co
n
ti
n
u
o
u
s
a
p
p
ro
x
im
a
ti
o
n
s

w
er
e
d
er
iv
ed
.
T
h
e
tw
o
co
n
tr
o
l
sy
st
em
s
th
a
t
a
re
m
o
st
co
m
m
o
n
ly
u
se
d
in
th
e

S
w
ed
is
h
sy
st
em
h
av
e
b
ee
n
m
o
d
el
le
d
in
[A
lt
sj
�o
,
1
9
9
3
].

T
h
e
st
a
te
g
ra
p
h
in
F
ig
u
re
3
.1
il
lu
st
ra
te
s
th
e
fu
n
ct
io
n
o
f
a
ty
p
ic
a
l
O
L
T
C

co
n
tr
o
l
sy
st
em
.
T
h
e
sy
st
em
re
m
a
in
s
in
th
e
st
a
te
w
a
it
a
s
lo
n
g
a
s
th
e
v
o
lt
a
g
e

d
ev
ia
ti
o
n
(j
v
�
v r
j)
is
le
ss
th
a
n
th
e
fu
n
ct
io
n
v
o
lt
a
g
e
(v
fu
n
c
ti
o
n
).
W
h
en
th
e
li
m
it

is
ex
ce
ed
ed
,
a
tr
a
n
si
ti
o
n
to
th
e
st
a
te
c
o
u
n
t
o
cc
u
rs
.
U
p
o
n
en
te
ri
n
g
c
o
u
n
t,
a

ti
m
er
is
st
a
rt
ed
a
n
d
is
k
ep
t
ru
n
n
in
g
u
n
ti
l
ei
th
er
it
re
a
ch
es
th
e
d
el
ay
ti
m
e
T
d
,

ca
u
si
n
g
a
tr
a
n
si
ti
o
n
to
th
e
st
a
te
a
c
ti
o
n
;
o
r
th
e
v
o
lt
a
g
e
d
ev
ia
ti
o
n
b
ec
o
m
es

le
ss
th
a
n
th
e
re
se
t
v
o
lt
a
g
e
(v
re
se
t
),
ca
u
si
n
g
a
tr
a
n
si
ti
o
n
to
th
e
st
a
te
w
a
it

a
n
d
re
se
t
o
f
th
e
ti
m
er
.
W
h
en
en
te
ri
n
g
th
e
st
a
te
a
c
ti
o
n
,
a
co
n
tr
o
l
p
u
ls
e
to

o
p
er
a
te
th
e
ta
p
ch
a
n
g
er
is
g
iv
en
.
A
ft
er
th
e
m
ec
h
a
n
ic
a
l
d
el
ay
ti
m
e
(T
m
),
th
e

ta
p
o
p
er
a
ti
o
n
is
co
m
p
le
te
d
a
n
d
th
e
co
n
tr
o
l
sy
st
em
re
ce
iv
es
a
re
a
d
y
si
g
n
a
l

fr
o
m
th
e
ta
p
ch
a
n
g
er
.
T
h
e
co
n
tr
o
l
sy
st
em
th
en
re
tu
rn
s
to
st
a
te
w
a
it
.

T
h
e
ti
m
e
d
el
ay
is
tu
n
ed
b
y
th
e
ti
m
e
d
el
ay
p
a
ra
m
et
er
T
d
0
.
T
h
e
a
ct
u
a
l

ti
m
e
d
el
ay
ca
n
th
en
b
e
ei
th
er
�
x
ed
(T
d
=
T
d
0
),
o
r
in
v
er
se
ly
p
ro
p
o
rt
io
n
a
l
to

th
e
v
o
lt
a
g
e
d
ev
ia
ti
o
n
(T
d
�
T
d
0
=
jv
�
v r
j)
,
d
ep
en
d
in
g
o
n
th
e
co
n
tr
o
l
sy
st
em
.

C
o
n
st
a
n
t-
v
e
rs
u
s
In
v
e
rs
e
-t
im
e
C
h
a
ra
c
te
ri
st
ic
s

T
w
o
ty
p
es
o
f
ti
m
e
d
o
m
a
in
ch
a
ra
ct
er
is
ti
cs
a
re
u
se
d
in
co
n
v
en
ti
o
n
a
lt
a
p
ch
a
n
g
er

co
n
tr
o
l
sy
st
em
s.
T
h
e
si
m
p
le
st
is
th
e
co
n
st
a
n
t
ti
m
e
va
ri
a
n
t,
w
h
er
e
th
e
ti
m
e

d
el
ay
T
d

is
co
n
st
a
n
t.
W
it
h
in
v
er
se
-t
im
e
ch
a
ra
ct
er
is
ti
cs
th
e
ti
m
e
d
el
ay
is

d
y
n
a
m
ic
a
ll
y
u
p
d
a
te
d
a
cc
o
rd
in
g
to
so
m
e
fo
rm
u
la
,
fo
r
ex
a
m
p
le
in
v
er
se
ly
p
ro
-

p
o
rt
io
n
a
l
to
th
e
v
o
lt
a
g
e
d
ev
ia
ti
o
n
.

3
2

3
.2

C
o
n
ve
n
ti
o
n
a
l
C
o
n
tr
o
ll
er
s

S
e
q
u
e
n
ti
a
l-
v
e
rs
u
s
N
o
n
-S
e
q
u
e
n
ti
a
l
O
p
e
ra
ti
o
n

T
h
is
ch
a
ra
ct
er
is
ti
c
is
o
n
ly
re
le
va
n
t
if
th
e
v
o
lt
a
g
e
d
ev
ia
ti
o
n
is
la
rg
e
a
n
d
m
o
re

th
a
n
o
n
e
ta
p
o
p
er
a
ti
o
n
is
n
ee
d
ed
to
re
st
o
re
th
e
v
o
lt
a
g
e.
W
it
h
se
q
u
en
ti
a
l

o
p
er
a
ti
o
n
,
th
e
d
el
ay
ti
m
e
(T
d
)
is
u
se
d
o
n
ly
fo
r
th
e
�
rs
t
o
p
er
a
ti
o
n
.
S
u
b
se
-

q
u
en
t
o
p
er
a
ti
o
n
s
a
re
o
rd
er
ed
im
m
ed
ia
te
ly
a
n
d
th
er
ef
o
re
d
el
ay
ed
o
n
ly
b
y
th
e

m
ec
h
a
n
ic
a
l
ti
m
e
d
el
ay
(T
m
).
W
it
h
n
o
n
-s
eq
u
en
ti
a
l
o
p
er
a
ti
o
n
th
e
d
el
ay
ti
m
e

(T
d
)
is
u
se
d
fo
r
a
ll
ta
p
st
ep
s.

T
u
n
in
g

T
h
e
d
el
ay
ti
m
e
a
n
d
th
e
fu
n
ct
io
n
a
n
d
re
se
t
v
o
lt
a
g
es
th
a
t
d
et
er
m
in
e
th
e
d
ea
d
-

b
a
n
d
a
re
th
e
tu
n
in
g
p
a
ra
m
et
er
s.
T
h
e
fu
n
ct
io
n
v
o
lt
a
g
e
is
u
su
a
ll
y
se
t
sl
ig
h
tl
y

sm
a
ll
er
th
a
n
th
e
si
ze
o
f
a
ta
p
st
ep
,
to
en
su
re
th
a
t
th
e
v
o
lt
a
g
e
w
il
l
b
e
cl
o
se

to
th
e
se
t-
p
o
in
t
a
ft
er
a
ta
p
o
p
er
a
ti
o
n
.
F
o
r
n
o
is
e
re
je
ct
io
n
p
u
rp
o
se
s,
th
e
re
se
t

v
o
lt
a
g
e
is
u
su
a
ll
y
se
t
sl
ig
h
tl
y
sm
a
ll
er
th
a
n
th
e
fu
n
ct
io
n
v
o
lt
a
g
e.
T
h
e
d
el
ay

ti
m
e
is
u
su
a
ll
y
in
th
e
ra
n
g
e
3
0
-2
0
0
s.

P
re
se
n
tl
y,
th
e
d
el
ay
ti
m
es
o
f
ca
sc
a
d
ed
ta
p
ch
a
n
g
er
s
a
re
tu
n
ed
to
th
e
sa
m
e

va
lu
e
in
S
y
d
k
ra
ft
's
d
is
tr
ib
u
ti
o
n
n
et
w
o
rk
s.
F
ig
u
re
3
.2
sh
ow
s
a
si
m
u
la
ti
o
n
o
f

th
e
O
L
T
C
re
sp
o
n
se
to
a
5
%
fe
ed
in
g
v
o
lt
a
g
e
d
ec
re
a
se
w
it
h
th
e
n
o
rm
a
l
tu
n
in
g
,

th
a
t
is
,
a
ll
th
re
e
O
L
T
C
s
h
a
s
a
d
el
ay
ti
m
e
o
f
1
2
0
s.
T
h
e
d
ea
d
-b
a
n
d
s
a
re
tu
n
ed

a
cc
o
rd
in
g
to
T
a
b
le
A
.1
in
A
p
p
en
d
ix
A
.1
.
T
h
e
th
re
e
O
L
T
C
s
co
m
p
en
sa
te
th
e

d
is
tu
rb
a
n
ce
si
m
u
lt
a
n
eo
u
sl
y,
a
ft
er
1
2
0
s.
W
h
en
th
e
to
p
le
v
el
O
L
T
C
re
st
o
re
s

it
s
v
o
lt
a
g
e,
it
in
tr
o
d
u
ce
s
a
v
o
lt
a
g
e
ov
er
sh
o
o
t
a
t
th
e
lo
w
er
le
v
el
w
h
o
se
O
L
T
C

m
u
st
m
a
k
e
a
co
u
n
te
ra
ct
in
g
ta
p
o
p
er
a
ti
o
n
.
T
h
e
v
o
lt
a
g
es
a
re
re
st
o
re
d
w
it
h
in

th
ei
r
d
ea
d
-b
a
n
d
s
u
si
n
g
a
to
ta
l
o
f
6
ta
p
o
p
er
a
ti
o
n
s.
F
ig
u
re
3
.3
sh
ow
s
a
si
m
il
a
r

si
m
u
la
ti
o
n
w
h
er
e
th
e
to
p
le
v
el
O
L
T
C
h
a
s
a
d
el
ay
ti
m
e
o
f
3
0
s,
th
e
m
id
d
le

o
n
e
h
a
s
7
0
s
a
n
d
th
e
lo
w
er
o
n
e
h
a
s
1
5
0
s.
T
h
e
v
o
lt
a
g
es
a
re
re
st
o
re
d
u
si
n
g
4

ta
p
o
p
er
a
ti
o
n
s.
W
it
h
th
e
re
v
is
ed
tu
n
in
g
,
th
e
v
o
lt
a
g
es
a
re
re
st
o
re
d
q
u
ic
k
er
,

w
it
h
fe
w
er
ta
p
o
p
er
a
ti
o
n
s
a
n
d
w
it
h
o
u
t
v
o
lt
a
g
e
ov
er
sh
o
o
t
a
t
th
e
lo
w
er
le
v
el
.

R
e
v
is
e
d
T
u
n
in
g

In
F
ig
u
re
3
.3
u
n
n
ec
es
sa
ry
ta
p
o
p
er
a
ti
o
n
s
a
re
av
o
id
ed
b
y
a
d
ju
st
in
g
th
e
ti
m
e

d
el
ay
s.
O
n
th
e
b
a
si
s
o
f
th
is
si
m
u
la
ti
o
n
,
w
e
ca
n
co
n
cl
u
d
e
th
a
t
fo
r
st
ep
d
is
tu
r-

b
a
n
ce
s,
n
o
O
L
T
C
sh
o
u
ld
a
ct
u
n
ti
l
a
ll
h
ig
h
er
le
v
el
O
L
T
C
s
h
av
e
co
m
p
en
sa
te
d

fo
r
th
e
d
is
tu
rb
a
n
ce
.
T
h
is
h
o
ld
s
fo
r
b
o
th
lo
a
d
a
n
d
fe
ed
in
g
n
et
w
o
rk
st
ep
d
is
-

tu
rb
a
n
ce
s.
A
tu
n
in
g
re
co
m
m
en
d
a
ti
o
n
fo
r
ca
sc
a
d
ed
O
L
T
C
s
in
ra
d
ia
l
n
et
w
o
rk
s

g
iv
in
g
g
ra
d
u
a
ll
y
lo
n
g
er
d
el
ay
ti
m
es
fo
r
lo
w
er
le
v
el
u
n
it
s,
is
a
s
fo
ll
ow
s:

3
3



C
h
a
p
te
r
3
.

C
oo
rd
in
a
te
d
T
a
p
C
h
a
n
ge
r
C
o
n
tr
o
l
S
ch
em
es

0
5

10
15

0.
951

1.
05

V (p.u.)

0
5

10
15

0.
951

1.
05

v2  (p.u.)

0
5

10
15

468 130/50 kV Tap

0
5

10
15

0.
951

1.
05

v3 (p.u.)

0
5

10
15

123 50/20 kV Tap

0
5

10
15

0.
951

1.
05

T
im

e 
(m

in
)

v4 (p.u.)

0
5

10
15

123

T
im

e 
(m

in
)

20/10 kV Tap

F
ig
u
r
e
3
.2

S
im
u
la
ti
o
n
o
f
fe
ed
in
g
v
o
lt
a
g
e
st
ep
d
ec
re
a
se
.
N
o
rm
a
l
tu
n
in
g
,
i.
e.
,
a
ll

th
re
e
O
L
T
C
s
h
av
e
d
el
ay
ti
m
es
o
f
1
2
0
s.

0
5

10
15

0.
951

1.
05

V (p.u.)

0
5

10
15

0.
951

1.
05

v2  (p.u.)

0
5

10
15

468 130/50 kV Tap

0
5

10
15

0.
951

1.
05

v3 (p.u.)

0
5

10
15

123 50/20 kV Tap

0
5

10
15

0.
951

1.
05

T
im

e 
(m

in
)

v4 (p.u.)

0
5

10
15

024

T
im

e 
(m

in
)

20/10 kV Tap

F
ig
u
r
e
3
.3

S
im
u
la
ti
o
n
o
f
fe
ed
in
g
v
o
lt
a
g
e
st
ep
d
ec
re
a
se
.
R
ev
is
ed
tu
n
in
g
,
i.
e.
,
th
e

to
p
le
v
el
O
L
T
C
h
a
s
a
d
el
ay
ti
m
e
o
f
3
0
s,
th
e
m
id
d
le
o
n
e
h
a
s
7
0
s
a
n
d
th
e
lo
w
er

o
n
e
h
a
s
1
5
0
s.

3
4

3
.2

C
o
n
ve
n
ti
o
n
a
l
C
o
n
tr
o
ll
er
s

1
.
S
et
th
e
d
el
ay
ti
m
e
(T
d
0
;1
)
o
f
th
e
to
p
le
v
el
O
L
T
C
a
d
eq
u
a
te
ly
lo
n
g
to

�
lt
er
o
u
t
fa
st
tr
a
n
si
en
ts
.

2
.
F
o
r
a
n
o
m
in
a
l
v
o
lt
a
g
e
st
ep
d
is
tu
rb
a
n
ce
a
t
th
e
to
p
le
v
el
,
co
m
p
u
te
th
e

n
u
m
b
er
o
f
ta
p
o
p
er
a
ti
o
n
s
n
ee
d
ed
(N
)
fo
r
th
e
to
p
le
v
el
O
L
T
C
to
co
m
-

p
en
sa
te
fo
r
th
e
d
is
tu
rb
a
n
ce
.

3
.
F
o
r
lo
w
er
le
v
el
O
L
T
C
s,
m
a
k
e
T
d
0
;k
+
1
>
N
T
d
0
;k
+
T
m
.

4
.
C
h
ec
k
th
a
t
th
e
d
el
ay
ti
m
e
o
f
th
e
lo
w
es
t
le
v
el
O
L
T
C
p
ro
v
id
es
fa
st
en
o
u
g
h

cu
st
o
m
er
v
o
lt
a
g
e
re
st
o
ra
ti
o
n
.

5
.
S
et
th
e
lo
w
er
le
v
el
O
L
T
C
s
to
o
p
er
a
te
in
n
o
n
-s
eq
u
en
ti
a
l
m
o
d
e.

T
h
e
tu
n
in
g
re
co
m
m
en
d
a
ti
o
n
w
a
s
�
rs
t
p
u
b
li
sh
ed
in
[L
a
rs
so
n
a
n
d
K
a
rl
ss
o
n
,

1
9
9
5
]
a
lo
n
g
w
it
h
ex
te
n
si
v
e
si
m
u
la
ti
o
n
re
su
lt
s,
th
a
t
sh
ow
th
a
t
th
e
re
v
is
ed

tu
n
in
g
re
m
a
in
e�
ci
en
t
ov
er
a
w
id
e
ra
n
g
e
o
f
o
p
er
a
ti
n
g
co
n
d
it
io
n
s.
In
[C
a
rb
o
n
e

et
a
l.
,
1
9
9
6
],
th
e
a
u
th
o
rs
g
iv
e
a
si
m
il
a
r
tu
n
in
g
re
co
m
m
en
d
a
ti
o
n
o
n
th
e
b
a
si
s

o
f
v
o
lt
a
g
e
st
a
b
il
it
y
cr
it
er
ia
.
T
h
e
id
ea
o
f
a
ss
ig
n
in
g
lo
n
g
er
ti
m
e
d
el
ay
s
to
lo
w
er

le
v
el
O
L
T
C
s
is
n
o
t
n
ew
,
si
m
il
a
r
p
h
il
o
so
p
h
ie
s
h
av
e
fo
r
lo
n
g
b
ee
n
u
se
d
b
y

se
v
er
a
l
n
et
w
o
rk
o
p
er
a
to
rs
a
ro
u
n
d
th
e
w
o
rl
d
.

A
ss
u
m
in
g
a
d
is
tu
rb
a
n
ce
a
t
th
e
1
3
0
k
V
le
v
el
o
f
3
%
(t
h
is
is
a
p
p
ro
x
im
a
te
ly

th
e
v
o
lt
a
g
e
d
ev
ia
ti
o
n
cr
ea
te
d
b
y
th
e
co
n
n
ec
ti
o
n
o
f
ca
p
a
ci
to
r
b
a
n
k
s
a
t
T
L
A
),

a
d
el
ay
ti
m
e
o
f
th
e
to
p
le
v
el
ta
p
ch
a
n
g
er
o
f
3
0
s
a
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d
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v
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d
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v
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e
n
o
r-

m
a
l
a
n
d
th
e
re
v
is
ed
tu
n
in
g
.
T
h
e
co
n
tr
o
l
o
f
th
e
to
p
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b
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ra
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p
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v
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u
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v
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p
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v
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b
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p
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p
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e
n
o
rm
a
l
tu
n
in
g
.
T
h
er
e
a
re
a
ls
o
fe
w
er

v
o
lt
a
g
e
sp
ik
es
d
u
e
to
O
L
T
C
in
te
ra
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b
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p
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p
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p
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h
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d
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b
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b
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p
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a
re
th
e
p
ra
ct
ic
e

in
tr
a
d
it
io
n
a
l
co
n
tr
o
l,
o
n
e
u
se
s
a
q
u
a
li
ta
ti
v
e
m
o
d
el
fo
rm
u
la
te
d
a
s
a
se
t
o
f

li
n
g
u
is
ti
c
ru
le
s.

T
h
e
b
a
si
c
id
ea
is
th
a
t
a
n
o
b
se
rv
a
ti
o
n
o
f
ea
ch
p
h
y
si
ca
l
p
ro
ce
ss
va
ri
a
b
le

ca
n
b
e
tr
a
n
sl
a
te
d
to
a
fu
zz
y
va
ri
a
b
le
g
iv
in
g
it
a
li
n
g
u
is
ti
c
in
te
rp
re
ta
ti
o
n
.
A

fu
zz
y
va
ri
a
b
le
h
a
s
a
va
lu
e
b
et
w
ee
n
0
a
n
d
1
d
es
cr
ib
in
g
to
w
h
a
t
ex
te
n
t
th
e

o
b
se
rv
a
ti
o
n
h
a
s
th
e
p
ro
p
er
ty
d
es
cr
ib
ed
b
y
th
e
fu
zz
y
va
ri
a
b
le
.
T
h
is
p
ro
ce
ss
is

u
su
a
ll
y
ca
ll
ed
fu
zz
i�
ca
ti
o
n
.

T
h
e
fu
zz
y
va
ri
a
b
le
s
ca
n
b
e
m
a
n
ip
u
la
te
d
w
it
h
th
e
fu
zz
y
se
t
o
p
er
a
to
rs
(^

(i
n
te
rs
ec
ti
o
n
),
_
(u
n
io
n
),
:
(c
o
m
p
le
m
en
t)
et
c.
)
so
th
a
t
co
m
b
in
a
ti
o
n
s
o
f
fu
zz
y

va
ri
a
b
le
s
ca
n
b
e
fo
rm
ed
a
n
d
u
se
d
to
d
et
er
m
in
e
th
e
co
n
tr
o
ll
er
o
u
tp
u
t.
T
h
e

3
9



C
h
a
p
te
r
3
.

C
oo
rd
in
a
te
d
T
a
p
C
h
a
n
ge
r
C
o
n
tr
o
l
S
ch
em
es

m
a
th
em
a
ti
cs
in
v
o
lv
ed
in
th
es
e
m
a
n
ip
u
la
ti
o
n
s
a
re
d
es
cr
ib
ed
in
[J
a
n
tz
en
,
1
9
9
1
].

T
h
ey
a
re
w
ri
tt
en
a
s
a
se
t
o
f
ru
le
s
o
n
th
e
fo
rm
:

so
m
e
a
ct
io
n

|
{z
}

f
u
z
z
y
c
o
n
tr
o
ll
e
r
o
u
tp
u
t

=

so
m
e
p
ro
p
er
ty
(p

h
y
s
ic
a
l
v
a
r
ia
bl
e

z
}|
{

so
m
e
v
a
ri
a
bl
e)

|

{z

}

f
u
z
z
y
v
a
r
ia
bl
e

(3
.5
)

T
h
e
ri
g
h
t
h
a
n
d
si
d
e
o
f
(E
q
u
a
ti
o
n
3
.5
)
m
ay
co
n
ta
in
se
v
er
a
l
fu
zz
y
va
ri
a
b
le
s

re
la
te
d
b
y
th
e
fu
zz
y
se
t
o
p
er
a
ti
o
n
s.
T
o
g
et
h
er
th
es
e
ru
le
s
m
a
k
e
th
e
ru
le
-b
a
se

o
f
th
e
co
n
tr
o
ll
er
,
a
n
d
sh
o
u
ld
ex
p
re
ss
th
e
h
eu
ri
st
ic
k
n
ow
le
d
g
e
o
n
e
h
a
s
o
f
th
e

sy
st
em
.
T
h
e
p
ro
ce
ss
o
f
ev
a
lu
a
ti
o
n
o
f
th
e
ru
le
s
is
ca
ll
ed
in
fe
re
n
ce
.

T
h
e
o
u
tp
u
t
o
f
th
e
in
fe
re
n
ce
is
fu
zz
y
va
ri
a
b
le
s
d
es
cr
ib
in
g
th
e
m
em
b
er
sh
ip

o
f
ea
ch
co
n
tr
o
ll
er
o
u
tp
u
t
to
ce
rt
a
in
fu
zz
y
se
ts
.
T
h
es
e
fu
zz
y
va
ri
a
b
le
s
h
av
e

to
b
e
tr
a
n
sl
a
te
d
to
p
h
y
si
ca
l
co
n
tr
o
ll
er
o
u
tp
u
ts
.
T
h
is
tr
a
n
sl
a
ti
o
n
is
ca
ll
ed

d
ef
u
zz
i�
ca
ti
o
n
.

T
h
e
en
ti
re
p
ro
ce
ss
ca
n
b
e
se
en
a
s
a
m
a
p
p
in
g
,
w
h
ic
h
is
o
ft
en
n
o
n
li
n
ea
r,

fr
o
m
m
ea
su
re
m
en
ts
to
co
n
tr
o
ll
er
o
u
tp
u
ts
.
T
h
u
s,
th
e
fu
zz
y
se
t
m
a
n
ip
u
la
ti
o
n
in

th
e
ru
le
-b
a
se
is
a
n
in
tu
it
iv
e
w
ay
o
f
d
e�
n
in
g
n
o
n
-l
in
ea
ri
ti
es
fo
r
u
se
in
fe
ed
b
a
ck

co
n
tr
o
l.

C
o
n
tr
o
l
P
ro
b
le
m

F
o
rm
u
la
ti
o
n

B
y
in
sp
ec
ti
o
n
o
f
re
su
lt
s
fr
o
m
si
m
u
la
ti
o
n
s
w
it
h
th
e
co
n
v
en
ti
o
n
a
l
a
n
d
o
p
ti
m
a
l

co
n
tr
o
ll
er
,
th
e
fo
ll
ow
in
g
h
eu
ri
st
ic
s
w
er
e
fo
rm
u
la
te
d
:

1
.
If
th
e
v
o
lt
a
g
e
is
h
ig
h
,
o
rd
er
a
d
ow
n
w
a
rd
ta
p
o
p
er
a
ti
o
n
.

2
.
If
th
e
v
o
lt
a
g
e
is
lo
w
,
o
rd
er
a
n
u
p
w
a
rd
ta
p
o
p
er
a
ti
o
n
.

3
.
C
a
n
ce
l
a
n
u
p
w
a
rd
ta
p
o
p
er
a
ti
o
n
if
a
n
y
ta
p
ch
a
n
g
er
h
ig
h
er
u
p
in
th
e

n
et
w
o
rk
is
a
b
o
u
t
to
o
rd
er
a
n
u
p
w
a
rd
o
p
er
a
ti
o
n
.

4
.
C
a
n
ce
l
a
d
ow
n
w
a
rd
ta
p
o
p
er
a
ti
o
n
if
a
n
y
ta
p
ch
a
n
g
er
h
ig
h
er
u
p
in
th
e

n
et
w
o
rk
is
a
b
o
u
t
to
o
rd
er
a
d
ow
n
w
a
rd
o
p
er
a
ti
o
n
.

5
.
If
v
o
lt
a
g
e
d
ev
ia
ti
o
n
is
v
er
y
la
rg
e,
o
rd
er
a
n
o
p
er
a
ti
o
n
re
g
a
rd
le
ss
o
f
ru
le
s

3
-4
.

T
h
e
n
ex
t
st
ep
is
to
d
et
er
m
in
e
w
h
ic
h
p
ro
ce
ss
va
ri
a
b
le
s
a
re
re
le
va
n
t
a
n
d

d
e�
n
e
m
em
b
er
sh
ip
fu
n
ct
io
n
s
co
rr
es
p
o
n
d
in
g
to
th
e
p
ro
p
er
ti
es
th
ey
m
ay
p
o
s-

se
ss
.
R
u
le
s
1
,
2
a
n
d
5
cl
ea
rl
y
re
ly
o
n
a
v
o
lt
a
g
e
m
ea
su
re
m
en
t
th
a
t
ca
n
h
av
e

th
e
p
ro
p
er
ti
es
v
er
y
lo
w
,
lo
w
,
h
ig
h
a
n
d
v
er
y
h
ig
h
.
T
h
e
co
rr
es
p
o
n
d
in
g
m
em
-

b
er
sh
ip
fu
n
ct
io
n
s
a
re
sh
ow
n
in
F
ig
u
re
3
.7
.
S
in
ce
th
e
ta
p
ch
a
n
g
er
in
J
S
D
h
a
s

a
la
rg
er
st
ep
si
ze
th
a
n
th
e
o
th
er
tw
o
,
it
h
a
s
it
s
ow
n
se
t
o
f
m
em
b
er
sh
ip
fu
n
c-

ti
o
n
s
fo
r
lo
w
a
n
d
h
ig
h
v
o
lt
a
g
e.
N
o
n
ew
m
em
b
er
sh
ip
s
h
av
e
to
b
e
in
tr
o
d
u
ce
d

4
0

3
.4

F
u
zz
y-
R
u
le
B
a
se
d
C
o
n
tr
o
ll
er

-0
.0

5
0

0.
05

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
91

low

very_low

high

very_high

jsd_low

jsd_high

V
ol

ta
ge

 d
ev

ia
tio

n 
fr

om
 s

et
-p

oi
nt

 (
p.

u.
)

Grade of membership

F
ig
u
r
e
3
.7

M
em
b
er
sh
ip
fu
n
ct
io
n
s
fo
r
v
o
lt
a
g
e
d
ev
ia
ti
o
n
s.

fo
r
ru
le
s
3
-4
,
si
n
ce
th
es
e
ru
le
s
ca
n
b
e
re
a
li
ze
d
u
si
n
g
th
e
co
n
tr
o
ll
er
o
u
tp
u
t
fu
zz
y

va
ri
a
b
le
s
U
P
a
n
d
D
O
W
N

b
y
fo
rw
a
rd
ch
a
in
in
g
.
U
si
n
g
th
e
fu
zz
y
va
ri
a
b
le
s

a
n
d
h
eu
ri
st
ic
s,
th
e
ru
le
b
a
se
ca
n
b
e
fo
rm
u
la
te
d
:

U
P
T
L
A

=
lo
w
(v
T
L
A
)
_
v
er
y
lo
w
(v
T
L
A
)

(3
.6
)

D
O
W
N
T
L
A

=
h
ig
h
(v
T
L
A
)
_
v
er
y
h
ig
h
(v
T
L
A
)

(3
.7
)

U
P
J
S
D

=
(l
ow
(v
J
S
D
)
^
:
U
P
T
L
A
)
_
v
er
y
lo
w
(v
J
S
D
)

(3
.8
)

D
O
W
N
J
S
D

=
(h
ig
h
(v
J
S
D
)
^
:
D
O
W
N
T
L
A
)
_
v
er
y
h
ig
h
(v
J
S
D
)

(3
.9
)

U
P
O
T
P

=
(l
ow
(v
O
T
P
)
^
:
(U
P
T
L
A
_
U
P
J
S
D
)
_
v
er
y
lo
w
(v
O
T
P
))

(3
.1
0
)

D
O
W
N
O
T
P

=
(h
ig
h
(v
O
T
P
)
^
:
(D
O
W
N
T
L
A
_
D
O
W
N
J
S
D
))
_

v
er
y
h
ig
h
(v
O
T
P
)

(3
.1
1
)

T
h
e
fu
zz
y
se
ts
U
P

a
n
d
D
O
W
N

a
re
g
en
er
a
te
d
u
si
n
g
fu
zz
i�
ed
v
o
lt
a
g
e

m
ea
su
re
m
en
ts
a
s
in
p
u
t
fo
r
ea
ch
ta
p
ch
a
n
g
er
.
T
h
e
co
n
tr
o
ll
er
o
u
tp
u
ts
a
re
th
en

d
et
er
m
in
ed
b
y
d
ef
u
zz
i�
ca
ti
o
n
o
f
th
e
fu
zz
y
se
ts
U
P
a
n
d
D
O
W
N
.
T
h
e
d
e-

fu
zz
i�
ca
ti
o
n
is
d
o
n
e
b
y
su
b
tr
a
ct
in
g
th
e
m
em
b
er
sh
ip
s
o
f
U
P
a
n
d
D
O
W
N
,

g
iv
in
g
a
n
u
m
b
er
in
th
e
in
te
rv
a
l
[�
1
;1
]
d
es
cr
ib
in
g
to
w
h
a
t
d
eg
re
e
a
ta
p
o
p
er
-

a
ti
o
n
sh
o
u
ld
b
e
d
o
n
e
a
n
d
in
w
h
a
t
d
ir
ec
ti
o
n
.
T
h
e
re
su
lt
in
g
su
rf
a
ce
s
a
re
ca
ll
ed 4

1



C
h
a
p
te
r
3
.

C
oo
rd
in
a
te
d
T
a
p
C
h
a
n
ge
r
C
o
n
tr
o
l
S
ch
em
es

co
n
tr
o
l
su
rf
a
ce
s.
T
h
e
co
n
tr
o
l
su
rf
a
ce
s
fo
r
th
e
ta
p
ch
a
n
g
er
s
in
T
L
A
a
n
d
J
S
D

a
re
sh
ow
n
in
F
ig
u
re
3
.8
.
T
h
e
co
n
tr
o
l
su
rf
a
ce
s
fo
r
� O
T
P
a
re
si
m
il
a
r.

A
g
a
in
,
b
ec
a
u
se
o
f
th
e
O
L
T
C
's
d
is
cr
et
e
n
a
tu
re
,
d
is
cr
et
is
a
ti
o
n
o
f
th
e
co
n
tr
o
l

su
rf
a
ce
s
h
a
s
to
b
e
d
o
n
e.
In
th
e
d
es
ig
n
,
th
e
d
eg
re
e
+
0
.5
is
co
n
si
d
er
ed
en
o
u
g
h

fo
r
a
n
u
p
w
a
rd
s
o
p
er
a
ti
o
n
a
n
d
-0
.5
en
o
u
g
h
fo
r
a
d
ow
n
w
a
rd
o
p
er
a
ti
o
n
.

T
u
n
in
g

T
u
n
in
g
o
f
th
e
ru
le
b
a
se
d
co
n
tr
o
ll
er
is
d
o
n
e
b
y
a
d
ju
st
in
g
th
e
m
em
b
er
sh
ip
fu
n
c-

ti
o
n
s.
T
h
e
m
em
b
er
sh
ip
fu
n
ct
io
n
s
a
n
d
th
e
d
ef
u
zz
i�
ca
ti
o
n
th
re
sh
o
ld
h
a
s
b
ee
n

ch
o
se
n
su
ch
th
a
t
th
e
v
o
lt
a
g
e
to
le
ra
n
ce
g
iv
en
b
y
th
e
�
rs
t
tw
o
h
eu
ri
st
ic
ru
le
s

is
ro
u
g
h
ly
th
e
sa
m
e
a
s
fo
r
th
e
co
n
v
en
ti
o
n
a
l
co
n
tr
o
l
(1
.5
%
in
T
L
A
a
n
d
� O
T
P

a
n
d
2
.2
5
%
in
J
S
D
g
iv
es
m
em
b
er
sh
ip
to
th
e
d
eg
re
e
o
f
0
.5
).
B
y
a
d
ju
st
in
g
th
e

m
em
b
er
sh
ip
fu
n
ct
io
n
s
fo
r
v
er
y
h
ig
h
a
n
d
v
er
y
lo
w
th
e
m
a
x
im
u
m
a
ll
ow
a
b
le

v
o
lt
a
g
e
d
ev
ia
ti
o
n
s
a
re
se
t
to
a
b
o
u
t
3
%

a
cc
o
rd
in
g
to
th
e
v
o
lt
a
g
e
d
ev
ia
ti
o
n

cr
it
er
io
n
(3
.2
).
W
h
en
th
e
h
eu
ri
st
ic
ru
le
s
3
-4
a
re
a
ct
iv
e,
th
ey
sp
ec
if
y
m
o
d
i-

�
ca
ti
o
n
s
to
th
e
�
rs
t
tw
o
ru
le
s
th
a
t
ca
n
ce
l
o
p
er
a
ti
o
n
s
o
rd
er
ed
b
y
ru
le
s
1
-2
,

b
u
t
n
o
t
th
o
se
o
rd
er
ed
b
y
ru
le
5
.
F
ig
u
re
3
.9
sh
ow
s
a
si
m
u
la
ti
o
n
o
f
a
d
ay
s

o
p
er
a
ti
o
n
w
it
h
th
e
fu
zz
y
ru
le
-b
a
se
d
co
n
tr
o
ll
er
.
F
o
r
th
is
p
a
rt
ic
u
la
r
lo
a
d
p
a
t-

te
rn
,
th
e
re
sp
o
n
se
is
m
o
re
o
r
le
ss
id
en
ti
ca
l
to
th
a
t
o
b
ta
in
ed
w
it
h
th
e
o
p
ti
m
a
l

co
n
tr
o
ll
er
.

4
2

3
.4

F
u
zz
y-
R
u
le
B
a
se
d
C
o
n
tr
o
ll
er

−
0.

04

−
0.

02

0

0.
02

0.
04

−
0.

04

−
0.

02

0

0.
02

0.
04

−
1

−
0.

50

0.
51

T
LA

 V
ol

ta
ge

 D
ev

ia
tio

n 
(p

.u
.)

JS
D

 V
ol

ta
ge

 D
ev

ia
tio

n 
(p

.u
.)

TLA Control

−
0.

04

−
0.

02

0

0.
02

0.
04

−
0.

04

−
0.

02

0

0.
02

0.
04−
1

−
0.

50

0.
51

T
LA

 V
ol

ta
ge

 D
ev

ia
tio

n 
(p

.u
.)

JS
D

 V
ol

ta
ge

 D
ev

ia
tio

n 
(p

.u
.)

JSD Control

F
ig
u
r
e
3
.8

C
o
n
tr
o
l
su
rf
a
ce
s

4
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C
h
a
p
te
r
3
.

C
oo
rd
in
a
te
d
T
a
p
C
h
a
n
ge
r
C
o
n
tr
o
l
S
ch
em
es

0
5

10
15

20
−

0.
04

−
0.

020

0.
02

0.
04

50 kV deviation (p.u.)

0
5

10
15

20

−
4

−
3

−
2

−
10

130/50 kV Tap

0
5

10
15

20
−

0.
04

−
0.

020

0.
02

0.
04

20 kV deviation (p.u.)

0
5

10
15

20
−

0.
50

0.
51

1.
5

50/20 kV Tap

0
5

10
15

20
−

0.
04

−
0.

020

0.
02

0.
04

T
im

e 
of

 d
ay

 (
ho

ur
s)

10 kV deviation (p.u.)

0
5

10
15

20

123

T
im

e 
of

 d
ay

 (
ho

ur
s)

20/10 kV Tap

F
ig
u
r
e
3
.9

S
im
u
la
ti
o
n
o
f
d
a
il
y
o
p
er
a
ti
o
n
.
L
o
a
d
p
a
tt
er
n
re
co
rd
ed
O
ct
o
b
er
2
2
,

1
9
9
6
.
R
u
le
-b
a
se
d
co
n
tr
o
l.
T
h
e
d
a
sh
ed
li
n
es
sh
ow
th
e
d
ea
d
-b
a
n
d
s
o
f
th
e
co
n
v
en
-

ti
o
n
a
l
co
n
tr
o
l
sc
h
em
e.

4
4

3
.5

C
o
m
pa
ri
so
n

3
.5
C
o
m
p
a
ri
so
n

A
ll
th
e
co
n
tr
o
ll
er
s
h
av
e
b
ee
n
tu
n
ed
to
m
a
in
ta
in
a
cc
ep
ta
b
le
v
o
lt
a
g
e
va
ri
a
ti
o
n
s

a
cc
o
rd
in
g
to
th
e
cr
it
er
io
n
(3
.2
).
N
ev
er
th
el
es
s,
th
er
e
is
a
w
id
e
va
ri
a
ti
o
n
in

th
e
n
u
m
b
er
o
f
ta
p
o
p
er
a
ti
o
n
s
re
q
u
ir
ed
.
T
h
e
se
q
u
en
ce
in
w
h
ic
h
th
e
O
L
T
C
s

o
p
er
a
te
g
re
a
tl
y
a
�
ec
ts
th
e
to
ta
l
n
u
m
b
er
o
f
o
p
er
a
ti
o
n
s
n
ee
d
ed
to
co
m
p
en
sa
te

a
d
is
tu
rb
a
n
ce
(c
o
m
p
a
re
F
ig
u
re
s
3
.4
-3
.5
).
T
h
e
a
b
il
it
y
o
f
a
co
n
tr
o
l
sc
h
em
e
to

p
er
fo
rm
ta
p
o
p
er
a
ti
o
n
s
in
co
rr
ec
t
se
q
u
en
ce
is
h
er
e
re
fe
rr
ed
to
a
s
se
le
ct
iv
it
y.

T
h
e
o
p
ti
m
a
l
a
n
d
ru
le
-b
a
se
d
co
n
tr
o
ll
er
s
o
�
er
si
g
n
i�
ca
n
tl
y
b
et
te
r
se
le
ct
iv
it
y

th
a
n
th
e
co
n
v
en
ti
o
n
a
l
sc
h
em
e,
ev
en
w
it
h
th
e
re
v
is
ed
tu
n
in
g
.
R
ef
er
ri
n
g
to

co
n
tr
o
ll
er
se
le
ct
iv
it
y
p
ro
p
er
ti
es
,
tw
o
d
i�
er
en
t
cl
a
ss
es
o
f
d
is
tu
rb
a
n
ce
s
ca
n
b
e

d
is
ti
n
g
u
is
h
ed
:

S
te
p
o
r
F
a
st
R
a
m
p
D
is
tu
rb
a
n
c
e
s
ca
u
se
th
e
v
o
lt
a
g
e
d
ev
ia
ti
o
n
to
ex
ce
ed

th
e
d
ea
d
-b
a
n
d
si
m
u
lt
a
n
eo
u
sl
y
fo
r
a
ll
a
�
ec
te
d
O
L
T
C
s.
S
in
ce
th
e
h
ig
h
er

le
v
el
O
L
T
C
h
a
s
th
e
sm
a
ll
es
t
ti
m
e
d
el
ay
,
th
is
re
a
ct
s
to
th
e
d
is
tu
rb
a
n
ce

b
ef
o
re
th
e
lo
w
er
le
v
el
O
L
T
C
s.
T
h
er
eb
y
re
v
er
se
ta
p
o
p
er
a
ti
o
n
s
b
y
lo
w
er

le
v
el
O
L
T
C
s
a
re
av
o
id
ed
.

S
lo
w
R
a
m
p
D
is
tu
rb
a
n
c
e
s
ca
u
se
v
o
lt
a
g
e
ch
a
n
g
e
in
th
e
sa
m
e
d
ir
ec
ti
o
n
fo
r

a
ll
a
�
ec
te
d
O
L
T
C
s.
T
h
e
O
L
T
C
w
h
o
se
v
o
lt
a
g
e
d
ev
ia
ti
o
n
�
rs
t
ex
ce
ed
s

th
e
d
ea
d
-b
a
n
d
re
a
ct
s
�
rs
t
to
th
e
d
is
tu
rb
a
n
ce
.
If
th
is
is
a
lo
w
er
le
v
el

O
L
T
C
it
w
il
l
h
av
e
to
m
a
k
e
re
v
er
se
ta
p
o
p
er
a
ti
o
n
s
a
s
th
e
h
ig
h
er
le
v
el

O
L
T
C
s
re
st
o
re
th
ei
r
v
o
lt
a
g
es
.
T
h
e
co
n
v
en
ti
o
n
a
l
co
n
tr
o
ll
er
s
a
re
n
o
t

ca
p
a
b
le
o
f
p
ro
v
id
in
g
se
le
ct
iv
it
y
fo
r
th
is
k
in
d
o
f
d
is
tu
rb
a
n
ce
,
re
g
a
rd
le
ss

o
f
tu
n
in
g
.

T
h
e
d
is
ti
n
ct
io
n
b
et
w
ee
n
sl
ow
a
n
d
fa
st
is
h
er
e
re
la
te
d
to
th
e
ti
m
e-
sc
a
le

o
f
th
e
O
L
T
C
ti
m
e
d
el
ay
a
n
d
st
ep
si
ze
.
D
is
tu
rb
a
n
ce
s
in
th
e
sc
a
le
o
f
p
er
ce
n
t

p
er
se
co
n
d
a
re
d
e�
n
it
el
y
fa
st
w
h
er
ea
s
d
is
tu
rb
a
n
ce
s
in
th
e
sc
a
le
o
f
a
le
ss
th
a
n

h
a
lf
a
p
er
ce
n
t
p
er
m
in
u
te
ca
n
b
e
co
n
si
d
er
ed
to
b
e
sl
ow
.
A
ty
p
ic
a
l
so
u
rc
e
o
f

st
ep
d
is
tu
rb
a
n
ce
s
is
th
e
va
ri
a
ti
o
n
o
f
th
e
fe
ed
in
g
v
o
lt
a
g
e
d
u
e
to
sw
it
ch
in
g
o
f

ca
p
a
ci
to
r
b
a
n
k
s
o
r
li
n
es
in
th
e
tr
a
n
sm
is
si
o
n
sy
st
em
.
F
a
st
ra
m
p
d
is
tu
rb
a
n
ce
s

m
ay
o
cc
u
r
d
u
e
to
g
en
er
a
to
r
v
o
lt
a
g
e
co
n
tr
o
l.
S
lo
w
ra
m
p
d
is
tu
rb
a
n
ce
s
o
cc
u
r

d
u
e
to
th
e
d
a
il
y
lo
a
d
va
ri
a
ti
o
n
s.

T
h
e
p
ro
p
er
ti
es
o
f
th
e
o
p
ti
m
a
l
a
n
d
ru
le
-b
a
se
d
co
n
tr
o
ll
er
d
i�
er
in
th
a
t
th
e

ru
le
-b
a
se
d
co
n
tr
o
ll
er
p
ro
v
id
es
o
n
ly
o
n
e-
w
ay
se
le
ct
iv
it
y,
in
th
a
t
a
n
O
L
T
C
is

co
n
tr
o
ll
ed
o
n
ly
o
n
th
e
b
a
si
s
o
f
it
s
ow
n
v
o
lt
a
g
e
d
ev
ia
ti
o
n
a
n
d
th
o
se
o
f
h
ig
h
er

le
v
el
O
L
T
C
s.
T
h
e
o
p
ti
m
a
l
co
n
tr
o
l
sc
h
em
e
a
lw
ay
s
u
se
s
a
ll
v
o
lt
a
g
e
d
ev
ia
ti
o
n
s,

th
er
eb
y
p
ro
v
id
in
g
tw
o
-w
ay
se
le
ct
iv
it
y.
A
q
u
a
li
ta
ti
v
e
d
i�
er
en
ce
th
a
t
a
ri
se
s

fr
o
m

th
is
is
th
a
t
th
e
o
p
ti
m
a
l
co
n
tr
o
l
sc
h
em
e
so
m
et
im
es
a
ll
ow
s
v
o
lt
a
g
e
d
e-

v
ia
ti
o
n
s
a
t
h
ig
h
er
v
o
lt
a
g
e
le
v
el
s,
in
o
rd
er
to
sa
v
e
o
p
er
a
ti
o
n
s
o
n
th
e
lo
w
er

le
v
el
s.
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C
h
a
p
te
r
3
.

C
oo
rd
in
a
te
d
T
a
p
C
h
a
n
ge
r
C
o
n
tr
o
l
S
ch
em
es

T
h
e
co
n
v
en
ti
o
n
a
l
co
n
tr
o
l
sc
h
em
e
is
n
o
t
su
it
a
b
le
fo
r
m
es
h
ed
n
et
w
o
rk
s

w
h
er
e
tr
a
n
sf
o
rm
er
s
a
re
co
n
n
ec
te
d
in
p
a
ra
ll
el
b
ec
a
u
se
o
f
th
e
ci
rc
u
la
ti
n
g
re
-

a
ct
iv
e
cu
rr
en
ts
a
n
d
u
n
st
a
b
le
v
o
lt
a
g
e
co
n
tr
o
l
th
a
t
m
ig
h
t
a
ri
se
[L
a
k
er
v
i
a
n
d

H
o
lm
es
,
1
9
8
9
].
T
h
e
o
p
ti
m
a
l
co
n
tr
o
l
sc
h
em
e
ca
n
b
e
u
se
d
fo
r
m
es
h
ed
n
et
w
o
rk
s

a
s
w
el
l,
if
a
te
rm
p
ro
p
o
rt
io
n
a
l
to
sy
st
em
lo
ss
es
in
(3
.4
)
is
a
d
d
ed
.
S
im
il
a
rl
y,

th
e
ru
le
-b
a
se
d
co
n
tr
o
l
ca
n
b
e
a
u
g
m
en
te
d
w
it
h
ru
le
s
to
b
a
la
n
ce
th
e
re
a
ct
iv
e

p
ow
er
tr
a
n
sp
o
rt
th
ro
u
g
h
li
n
es
a
n
d
tr
a
n
sf
o
rm
er
s
co
n
n
ec
te
d
in
p
a
ra
ll
el
.

W
e
se
e
th
a
t
th
e
o
p
ti
m
a
l
co
n
tr
o
ll
er
h
a
s
a
n
u
m
b
er
o
f
d
ra
w
b
a
ck
s
th
a
t
m
a
k
e

it
im
p
ra
ct
ic
a
l
fo
r
a
ct
u
a
l
im
p
le
m
en
ta
ti
o
n
.
P
er
h
a
p
s
th
e
m
o
st
se
ri
o
u
s
o
n
e
is

th
a
t
it
is
a
p
u
re
fe
ed
-f
o
rw
a
rd
co
n
tr
o
ll
er
,
u
si
n
g
o
n
ly
m
ea
su
re
m
en
ts
o
f
th
e

d
is
tu
rb
a
n
ce
s
a
n
d
co
m
p
en
sa
ti
n
g
fo
r
th
em
.
T
h
u
s,
a
p
er
fe
ct
n
et
w
o
rk
m
o
d
el
is

n
ec
es
sa
ry
to
re
g
u
la
te
v
o
lt
a
g
es
w
it
h
o
u
t
st
a
ti
o
n
a
ry
co
n
tr
o
l
er
ro
r.
S
in
ce
n
et
w
o
rk

im
p
ed
a
n
ce
s
ch
a
n
g
e,
m
o
st
d
ra
st
ic
a
ll
y
d
u
e
to
sw
it
ch
in
g
s
in
th
e
n
et
w
o
rk
b
u
t

a
ls
o
d
u
e
to
te
m
p
er
a
tu
re
,
th
e
o
p
ti
m
a
l
co
n
tr
o
ll
er
m
u
st
b
e
su
p
p
li
ed
w
it
h
u
p
-

to
-d
a
te
in
fo
rm
a
ti
o
n
a
b
o
u
t
n
et
w
o
rk
im
p
ed
a
n
ce
s
in
a
n
a
ct
u
a
l
im
p
le
m
en
ta
ti
o
n
.

T
h
is
w
il
l
b
e
p
o
ss
ib
le
in
th
e
fu
tu
re
w
h
en
D
A
is
w
id
el
y
im
p
le
m
en
te
d
,
b
u
t

in
th
is
th
es
is
th
e
o
p
ti
m
a
l
co
n
tr
o
ll
er
h
a
s
b
ee
n
u
se
d
m
a
in
ly
a
s
a
b
en
ch
m
a
rk

fo
r
th
e
ru
le
-b
a
se
d
co
n
tr
o
ll
er
.
T
h
e
co
m
p
u
ta
ti
o
n
a
l
co
m
p
le
x
it
y
is
n
o
t
a
m
a
jo
r

d
ra
w
b
a
ck
,
si
n
ce
d
is
tr
ib
u
ti
o
n
sy
st
em
s
a
re
ty
p
ic
a
ll
y
o
f
m
o
d
er
a
te
si
ze
(<
5
0

O
L
T
C
s)
,
a
n
d
th
e
re
su
lt
s
fr
o
m
th
e
p
re
v
io
u
s
ti
m
e-
st
ep
ca
n
b
e
u
se
d
a
s
a
v
er
y

g
o
o
d
in
it
ia
l
g
u
es
s
in
th
e
o
p
ti
m
is
a
ti
o
n
.
T
h
e
p
ro
p
er
ti
es
o
f
th
e
th
re
e
co
n
tr
o
l

sc
h
em
es
ca
n
b
e
su
m
m
a
ri
se
d
a
s
fo
ll
ow
s:

C
o
n
v
e
n
ti
o
n
a
l
C
o
n
tr
o
l
w
it
h
R
e
v
is
e
d
T
u
n
in
g

+
p
re
se
rv
es
th
e
ex
is
ti
n
g
co
n
tr
o
ll
er
s

+
lo
ca
l
co
n
tr
o
l
sy
st
em
,
n
o
n
ee
d
fo
r
co
m
m
u
n
ic
a
ti
o
n

+
ro
b
u
st
,
n
o
n
et
w
o
rk
m
o
d
el
n
ee
d
ed

+
re
li
es
o
n
ly
o
n
v
o
lt
a
g
e
m
ea
su
re
m
en
ts

-
n
o
se
le
ct
iv
it
y
fo
r
ra
m
p
d
is
tu
rb
a
n
ce
s

-
su
it
a
b
le
fo
r
ra
d
ia
l
n
et
w
o
rk
o
p
er
a
ti
o
n
o
n
ly

-
sl
ow
cu
st
o
m
er
si
d
e
v
o
lt
a
g
e
re
st
o
ra
ti
o
n

O
p
ti
m
a
l
c
o
n
tr
o
l

+
ex
ce
ll
en
t
se
le
ct
iv
it
y
p
ro
p
er
ti
es

+
fa
st
cu
st
o
m
er
si
d
e
v
o
lt
a
g
e
re
st
o
ra
ti
o
n

-
p
u
re
fe
ed
-f
o
rw
a
rd
co
n
tr
o
ll
er
,
n
ee
d
fo
r
a
cc
u
ra
te
n
et
w
o
rk
m
o
d
el

-
n
ee
d
fo
r
m
ea
su
re
m
en
t
o
f
lo
a
d
p
ow
er
s

-
ce
n
tr
a
li
se
d
,
d
ep
en
d
en
t
o
f
co
m
m
u
n
ic
a
ti
o
n
s

4
6

3
.5

C
o
m
pa
ri
so
n

-
co
m
p
u
ta
ti
o
n
a
ll
y
d
em
a
n
d
in
g

F
u
z
z
y
R
u
le
-b
a
se
d
C
o
n
tr
o
l

+
v
er
y
g
o
o
d
se
le
ct
iv
it
y
p
ro
p
er
ti
es

+
in
tu
it
iv
e
b
ec
a
u
se
o
f
th
e
ru
le
-b
a
se
d
es
ig
n

+
ro
b
u
st
,
n
o
n
et
w
o
rk
m
o
d
el
n
ee
d
ed

+
re
li
es
o
n
ly
o
n
v
o
lt
a
g
e
m
ea
su
re
m
en
ts

+
co
m
p
u
ta
ti
o
n
a
ll
y
si
m
p
le

-
ce
n
tr
a
li
se
d
,
d
ep
en
d
en
t
o
f
co
m
m
u
n
ic
a
ti
o
n
s
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4 P
ro
to
ty
p
e T

h
e
d
i�
er
en
ce
be
tw
ee
n
th
eo
ry
a
n
d
p
ra
ct
ic
e
is
m
u
ch

gr
ea
te
r
in
p
ra
ct
ic
e
th
a
n
in
th
eo
ry
.

D
r.
J
e�
C
a
se

T
o
va
li
d
a
te
th
e
si
m
u
la
ti
o
n
re
su
lt
s
a
n
d
to
d
em
o
n
st
ra
te
th
e
im
p
le
m
en
ta
ti
o
n

o
f
th
e
co
o
rd
in
a
te
d
co
n
tr
o
l
sc
h
em
es
,
a
p
ro
to
ty
p
e
co
n
tr
o
ll
er
w
a
s
d
ev
el
o
p
ed
a
n
d

in
st
a
ll
ed
in
th
e
te
st
sy
st
em
a
t
� O
st
er
le
n
.
It
is
a
d
is
tr
ib
u
te
d
co
n
tr
o
l
sy
st
em
,

w
it
h
a
lo
ca
l
co
n
tr
o
l
lo
o
p
in
ea
ch
su
b
-s
ta
ti
o
n
.
A
su
p
er
v
is
o
ry
co
n
tr
o
ll
er
in

th
e
T
L
A
su
b
-s
ta
ti
o
n
co
o
rd
in
a
te
s
th
e
lo
ca
l
co
n
tr
o
l
lo
o
p
s,
w
it
h
th
e
n
ec
es
sa
ry

co
m
m
u
n
ic
a
ti
o
n
b
et
w
ee
n
th
e
su
b
-s
ta
ti
o
n
s
p
ro
v
id
ed
b
y
ra
d
io
li
n
k
s.
T
h
e
ra
d
io

li
n
k
s
a
re
d
ri
v
en
b
y
st
a
n
d
a
rd
m
o
d
em
s
w
it
h
R
S
-2
3
2
in
te
rf
a
ce
s.
S
in
ce
th
e
lo
ca
l

co
n
tr
o
l
lo
o
p
s
w
er
e
im
p
le
m
en
te
d
u
si
n
g
L
o
n
W
o
rk
s
co
m
p
o
n
en
ts
,
th
is
ch
a
p
te
r

st
a
rt
s
w
it
h
a
n
in
tr
o
d
u
ct
io
n
to
th
e
L
o
n
W
o
rk
s
sy
st
em
.

4
.1
L
o
n
W
o
rk
s

L
o
n
W
o
rk
s
[L
R
G
,
1
9
9
2
]
is
a
to
o
l
fo
r
so
lv
in
g
d
is
tr
ib
u
te
d
co
n
tr
o
l
p
ro
b
le
m
s.

A
L
o
n
W
o
rk
s
n
et
w
o
rk
h
a
s
n
o
ce
n
tr
a
l
co
n
tr
o
l
o
r
m
a
st
er
-s
la
v
e
a
rc
h
it
ec
tu
re
.

In
te
ll
ig
en
t
co
n
tr
o
l
d
ev
ic
es
a
n
d
se
n
so
rs
,
ca
ll
ed
n
o
d
es
,
co
m
m
u
n
ic
a
te
w
it
h
ea
ch

o
th
er
u
si
n
g
th
e
L
o
n
T
a
lk
p
ro
to
co
l
o
n
a
p
ee
r-
p
ee
r
b
a
si
s.
E
a
ch
n
o
d
e
ty
p
ic
a
ll
y

h
a
s
a
si
m
p
le
ta
sk
,
li
k
e
m
ea
su
re
m
en
t
o
r
co
n
tr
o
l
o
f
a
n
a
ct
u
a
to
r.
T
h
e
n
o
d
es

co
m
m
u
n
ic
a
te
u
si
n
g
th
e
L
o
n
T
a
lk
p
ro
to
co
l,
w
h
ic
h
im
p
le
m
en
ts
a
ll
th
e
se
v
en

la
y
er
s
o
f
th
e
O
S
I
m
o
d
el
[S
ta
ll
in
g
s,
1
9
9
1
].
S
in
ce
th
e
p
ro
to
co
l
w
a
s
d
es
ig
n
ed

w
it
h
co
n
tr
o
l
a
p
p
li
ca
ti
o
n
s
in
m
in
d
,
it
is
o
p
ti
m
is
ed
fo
r
u
se
w
it
h
la
rg
e
q
u
a
n
ti
ti
es

o
f
sm
a
ll
d
a
ta
p
a
ck
et
s.

T
h
er
e
a
re
m
a
n
y
m
a
n
u
fa
ct
u
re
rs
o
f
st
a
n
d
a
rd
L
o
n
W
o
rk
s
n
o
d
es
fo
r
sp
ec
i�
c

fu
n
ct
io
n
s
a
n
d
cu
st
o
m
n
o
d
es
ca
n
b
e
p
ro
g
ra
m
m
ed
in
N
eu
ro
n
C
,
a
C
d
ia
le
ct 4
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C
h
a
p
te
r
4
.

P
ro
to
ty
pe

w
it
h
a
n
a
d
d
it
io
n
a
l
re
a
l-
ti
m
e
k
er
n
el
,
u
si
n
g
th
e
L
o
n
B
u
il
d
er
d
ev
el
o
p
m
en
t
to
o
l.

T
h
e
co
n
ce
p
t
o
f
n
et
w
o
rk
va
ri
a
bl
es
is
o
n
e
o
f
th
e
u
n
iq
u
e
fe
a
tu
re
s
o
f
th
e
N
eu
ro
n

C
la
n
g
u
a
g
e.
W
h
en
a
va
ri
a
b
le
is
d
ec
la
re
d
a
s
a
n
et
w
o
rk
va
ri
a
b
le
,
it
is
m
a
d
e

p
a
rt
o
f
th
e
n
o
d
e'
s
ex
te
rn
a
l
in
te
rf
a
ce
a
n
d
ca
n
b
e
co
n
n
ec
te
d
to
o
th
er
n
o
d
es
.

If
it
is
a
n
o
u
tp
u
t
va
ri
a
b
le
,
th
e
n
o
d
e
is
re
fe
rr
ed
to
a
s
a
p
ro
d
u
ce
r
n
o
d
e
(a
s

o
p
p
o
se
d
to
co
n
su
m
er
n
o
d
e
if
it
is
a
n
in
p
u
t
va
ri
a
b
le
).
W
h
en
th
e
p
ro
d
u
ce
r

m
a
k
es
a
ch
a
n
g
e
to
th
e
va
ri
a
b
le
,
a
ll
co
n
su
m
er
s
a
re
n
o
ti
�
ed
o
f
th
e
ch
a
n
g
e.
T
h
e

n
ec
es
sa
ry
co
m
m
u
n
ic
a
ti
o
n
is
a
u
to
m
a
ti
ca
ll
y
ta
k
en
ca
re
o
f
b
y
th
e
o
p
er
a
ti
n
g
sy
s-

te
m
.
T
h
e
n
eu
ro
n
ch
ip
h
a
s
a
ra
th
er
li
m
it
ed
m
em
o
ry
a
re
a
fo
r
u
se
r
a
p
p
li
ca
ti
o
n
s

a
n
d
th
ei
r
ta
sk
s
h
av
e
to
b
e
re
la
ti
v
el
y
si
m
p
le
.
C
o
m
p
li
ca
te
d
a
p
p
li
ca
ti
o
n
s
ca
n

b
e
im
p
le
m
en
te
d
in
a
P
C
a
n
d
in
te
rf
a
ce
d
to
th
e
L
o
n
W
o
rk
s
n
et
w
o
rk
th
ro
u
g
h

fo
r
ex
a
m
p
le
a
se
ri
a
l
in
te
rf
a
ce
.
T
h
e
L
o
n
B
u
il
d
er
d
ev
el
o
p
m
en
t
to
o
l
w
it
h
th
e

N
eu
ro
n
C
co
m
p
il
er
a
n
d
th
e
L
o
n
M
a
k
er
in
st
a
ll
a
ti
o
n
to
o
l
ca
n
b
e
u
se
d
w
it
h
a

st
a
n
d
a
rd
4
8
6
P
C
(o
r
b
et
te
r)
.
S
o
m
e
o
f
th
e
m
o
st
im
p
o
rt
a
n
t
co
m
p
o
n
en
ts
a
re

d
es
cr
ib
ed
b
el
ow
:

T
h
e
N
e
u
ro
n
C
h
ip
is
th
e
co
re
co
m
p
o
n
en
t
o
f
a
n
y
n
o
d
e.
It
is
a
ch
ip
th
a
t

in
te
rn
a
ll
y
co
n
si
st
s
o
f
th
re
e
m
ic
ro
p
ro
ce
ss
o
rs
,
tw
o
o
f
w
h
ic
h
h
a
n
d
le
th
e

co
m
m
u
n
ic
a
ti
o
n
w
it
h
o
th
er
n
o
d
es
.
T
h
e
th
ir
d
p
ro
ce
ss
o
r
ex
ec
u
te
s
th
e

n
o
d
e
a
p
p
li
ca
ti
o
n
p
ro
g
ra
m
.
T
h
is
p
ro
ce
ss
o
r
h
a
s
a
cl
o
ck
fr
eq
u
en
cy
o
f
1
0

M
H
z,
m
a
k
in
g
it
co
m
p
u
ta
ti
o
n
a
ll
y
o
n
p
a
r
w
it
h
th
e
�
rs
t
g
en
er
a
ti
o
n
o
f

P
C
's
.
T
h
er
e
is
a
ls
o
a
n
a
ss
o
rt
m
en
t
o
f
m
em
o
ry
:
R
O
M

th
a
t
st
o
re
s
th
e

o
p
er
a
ti
n
g
sy
st
em

a
n
d
E
E
P
R
O
M

a
n
d
R
A
M

fo
r
a
p
p
li
ca
ti
o
n
ex
ec
u
ti
o
n

a
n
d
st
o
ra
g
e.
T
h
e
E
E
P
R
O
M
m
em
o
ry
a
re
a
ca
n
b
e
u
se
d
to
en
su
re
a
sa
fe

st
a
rt
u
p
a
ft
er
a
p
ro
g
ra
m
cr
a
sh
o
r
a
p
ow
er
o
u
ta
g
e.
T
h
e
N
eu
ro
n
C
h
ip
1

is
m
a
n
u
fa
ct
u
re
d
b
y
M
o
to
ro
la
a
n
d
T
o
sh
ib
a
.

T
ra
n
sc
e
iv
e
rs
a
re
co
n
n
ec
ti
n
g
ci
rc
u
it
ry
fo
r
co
m
m
u
n
ic
a
ti
o
n
o
n
a
p
h
y
si
ca
l
n
et
-

w
o
rk
.
S
ev
er
a
l
v
er
si
o
n
s
a
re
av
a
il
a
b
le
fo
r
d
i�
er
en
t
m
ed
ia
.

R
o
u
te
rs
a
re
sp
ec
ia
l
n
o
d
es
u
se
d
to
co
n
n
ec
t
tw
o
o
r
m
o
re
lo
ca
l
n
et
w
o
rk
s.
R
ef
-

er
en
ce
s
to
n
o
d
es
o
u
ts
id
e
th
e
p
re
se
n
t
n
et
w
o
rk
a
re
a
u
to
m
a
ti
ca
ll
y
fo
r-

w
a
rd
ed
to
th
e
co
rr
ec
t
su
b
n
et
w
o
rk
.
D
i�
er
en
t
m
ed
ia
m
ay
b
e
u
se
d
o
n

ei
th
er
si
d
e
o
f
th
e
ro
u
te
r.

4
.2
P
ro
to
ty
p
e
C
o
n
tr
o
ll
e
r

T
h
e
co
n
tr
o
ll
er
w
a
s
im
p
le
m
en
te
d
w
it
h
o
n
e
lo
ca
l
L
o
n
W
o
rk
s
n
et
w
o
rk
in
ea
ch

su
b
-s
ta
ti
o
n
,
w
it
h
ra
d
io
li
n
k
s
co
n
n
ec
ti
n
g
th
e
lo
ca
l
n
et
w
o
rk
s.
T
h
er
e
a
re
se
p
-

a
ra
te
n
o
d
es
fo
r
O
L
T
C
co
n
tr
o
l,
m
ea
su
re
m
en
t
a
n
d
co
m
m
u
n
ic
a
ti
o
n
w
it
h
th
e

1
T
h
e
N
eu
ro
n
C
h
ip
h
a
s
a
b
so
lu
te
ly
n
o
th
in
g
to
d
o
w
it
h
n
eu
ra
l
n
et
w
o
rk
s!
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P
ro
to
ty
pe
C
o
n
tr
o
ll
er

T
w

is
te

d 
pa

ir 
bu

s

O
LT

C
C

on
tr

ol
le

r

ta
p 

+
1/

-1
ta

p 
re

ce
ip

t

P

ac
tiv

e 
po

w
er

cu
rr

en
t s

ig
na

l
(f

ro
m

 tr
an

sd
uc

er
)

Q
V

S
er

ia
l L

on
T

al
k

A
da

pt
er

re
ac

tiv
e 

po
w

er
cu

rr
en

t s
ig

na
l

(f
ro

m
 tr

an
sd

uc
er

)

vo
lta

ge
cu

rr
en

t s
ig

na
l

(f
ro

m
 tr

an
sd

uc
er
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 C
on

ve
rs

io
n

F
ilt

er

S
up

er
vi

so
ry

C
on

tr
ol

le
r

ra
di

o 
lin

k

A
D

 C
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ve
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io
n

F
ilt

er
A
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C
om

m
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n

N
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e

F
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u
r
e
4
.1

S
ch
em
a
ti
c
o
f
th
e
lo
ca
l
n
et
w
o
rk
a
t
T
L
A

o
th
er
su
b
-s
ta
ti
o
n
s
in
ea
ch
su
b
-s
ta
ti
o
n
.
T
h
e
su
p
er
v
is
o
ry
co
n
tr
o
ll
er
w
a
s
im
p
le
-

m
en
te
d
in
a
4
8
6
D
X
4
P
C
in
th
e
T
L
A
su
b
-s
ta
ti
o
n
.

F
ig
u
re
4
.1
sh
ow
s
a
sc
h
em
a
ti
c
o
f
th
e
lo
ca
l
n
et
w
o
rk
in
th
e
T
L
A
su
b
-s
ta
ti
o
n
.

T
h
e
n
o
d
es
co
m
m
u
n
ic
a
te
u
si
n
g
n
et
w
o
rk
va
ri
a
b
le
s
a
n
d
th
e
T
P
-7
8
b
u
s
w
it
h
in

th
e
su
b
-s
ta
ti
o
n
,
a
n
d
w
it
h
n
o
d
es
in
o
th
er
su
b
-s
ta
ti
o
n
s
th
ro
u
g
h
th
e
co
m
m
u
n
i-

ca
ti
o
n
n
o
d
e
a
n
d
th
e
ra
d
io
-l
in
k
.

T
h
e
T
a
p
T
a
lk
P
ro
to
c
o
l

T
h
e
L
o
n
T
a
lk
p
ro
to
co
l
co
u
ld
n
o
t
b
e
u
se
d
fo
r
th
e
co
m
m
u
n
ic
a
ti
o
n
ov
er
th
e
ra
d
io

li
n
k
s,
si
n
ce
n
o
L
o
n
T
a
lk
/
R
S
-2
3
2
ro
u
te
r
w
a
s
av
a
il
a
b
le
w
h
en
th
e
im
p
le
m
en
ta
-

ti
o
n
p
h
a
se
w
a
s
in
it
ia
te
d
.
In
st
ea
d
,
th
e
T
a
p
T
a
lk
p
ro
to
co
l
w
h
ic
h
im
p
le
m
en
ts

th
e
th
re
e
lo
w
es
t
la
y
er
s
o
f
th
e
O
S
I
m
o
d
el
w
a
s
co
n
st
ru
ct
ed
.
T
a
p
T
a
lk
co
m
-

m
u
n
ic
a
ti
o
n
is
m
o
re
e�
ci
en
t
th
a
n
th
e
co
rr
es
p
o
n
d
in
g
L
o
n
T
a
lk
co
m
m
u
n
ic
a
ti
o
n

a
lt
h
o
u
g
h
n
ei
th
er
a
s

ex
ib
le
n
o
r
re
li
a
b
le
.
T
a
p
T
a
lk
is
a
p
a
ck
et
-s
w
it
ch
in
g
p
ro
-

to
co
l,
a
n
d
th
e
N
eu
ro
n
C
h
ea
d
er
�
le
fo
r
th
e
p
ro
to
co
l,
w
h
er
e
th
e
p
a
ck
et
d
a
ta

ty
p
e
(m
e
ss
a
g
e
T
y
p
e
)
is
d
e�
n
ed
,
is
p
re
se
n
t
in
A
p
p
en
d
ix
A
.3
.

T
h
e
P
h
y
si
c
a
l
L
a
y
e
r
in
te
rf
a
ce
s
to
th
e
p
h
y
si
ca
l
co
m
m
u
n
ic
a
ti
o
n
m
ed
iu
m
.
It

p
ro
v
id
es
a
p
o
in
t-
to
-p
o
in
t
ch
a
n
n
el
w
it
h
sy
n
ch
ro
n
is
a
ti
o
n
,

ow
co
n
tr
o
la
n
d

li
m
it
ed
er
ro
r
ch
ec
k
in
g
u
si
n
g
a
p
a
ri
ty
b
it
fo
r
d
a
ta
b
lo
ck
s
(b
y
te
s)
u
si
n
g

th
e
R
S
-2
3
2
st
a
n
d
a
rd
.

T
h
e
D
a
ta
L
in
k
L
a
y
e
r
p
ro
v
id
es
a
sa
fe
p
o
in
t-
to
-p
o
in
t
ch
a
n
n
el
fo
r
st
re
a
m
s

o
f
d
a
ta
b
lo
ck
s.
T
h
e
d
a
ta
b
lo
ck
s
p
ro
v
id
ed
b
y
th
e
D
a
ta
L
in
k
la
y
er
a
re

a
ss
em
b
le
d
in
to
d
a
ta
p
a
ck
et
s.
W
h
en
a
p
a
ck
et
is
se
n
t,
a
n
8
b
it
C
R
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C
h
a
p
te
r
4
.

P
ro
to
ty
pe

is
p
ig
g
y
-b
a
ck
ed
o
n
th
e
p
a
ck
et
fo
r
er
ro
r
ch
ec
k
in
g
.
U
p
o
n
re
ce
iv
in
g
a

p
a
ck
a
g
e,
th
e
re
ce
iv
er
co
m
p
u
te
s
a
ch
ec
k
su
m
a
n
d
co
m
p
a
re
s
it
to
th
e
o
n
e

re
ce
iv
ed
w
it
h
th
e
p
a
ck
et
.
If
it
is
co
rr
ec
t,
a
n
a
ck
n
ow
le
d
g
e
si
g
n
a
l
is
se
n
t

to
th
e
se
n
d
er
n
o
d
e,
o
r
th
e
re
ce
iv
er
n
o
d
e
re
q
u
es
ts
re
tr
a
n
sm
is
si
o
n
o
f
th
e

p
a
ck
a
g
e.
T
h
is
p
ro
ce
ss
is
re
p
ea
te
d
u
n
ti
l
th
e
tr
a
n
sm
is
si
o
n
su
cc
ee
d
s
o
r
a

re
tr
y
li
m
it
is
ex
ce
ed
ed
.

T
h
e
N
e
tw
o
rk
L
a
y
e
r
p
ro
v
id
es
a
ch
a
n
n
el
b
et
w
ee
n
d
i�
er
en
t
n
et
w
o
rk
s.
T
h
is

la
y
er
d
ea
ls
w
it
h
ro
u
ti
n
g
o
f
d
a
ta
p
a
ck
et
s
to
th
e
co
rr
ec
t
n
et
w
o
rk
.

S
in
ce
th
e
p
ro
to
co
l
w
a
s
d
es
ig
n
ed
sp
ec
i�
ca
ll
y
fo
r
u
se
w
it
h
th
e
co
o
rd
in
a
te
d

v
o
lt
a
g
e
co
n
tr
o
ll
er
,
a
ra
th
er
lo
w
co
m
m
u
n
ic
a
ti
o
n
sp
ee
d
o
f
6
0
0
b
p
s
co
u
ld
b
e

u
se
d
fo
r
th
e
ra
d
io
li
n
k
.

C
o
m
m
u
n
ic
a
ti
o
n
N
o
d
e
s

T
h
e
co
m
m
u
n
ic
a
ti
o
n
n
o
d
es
h
av
e
fo
u
r
se
p
a
ra
te
ta
sk
s:

In
te
r-
st
a
ti
o
n
C
o
m
m
u
n
ic
a
ti
o
n

E
x
ch
a
n
g
e
o
f
m
ea
su
re
m
en
ts
a
n
d
co
n
tr
o
l
si
g
n
a
ls
w
it
h
th
e
ce
n
tr
a
l
co
n
-

tr
o
ll
er
ov
er
th
e
ra
d
io
li
n
k
s
u
si
n
g
th
e
T
a
p
T
a
lk
p
ro
to
co
l.

E
x
e
c
u
ti
o
n
o
f
c
o
m
m
a
n
d
s

W
h
en
co
m
m
a
n
d
s
a
re
re
ce
iv
ed
th
ro
u
g
h
th
e
ra
d
io
li
n
k
th
ey
a
re
fo
rw
a
rd
ed

to
th
e
co
rr
ec
t
n
o
d
e
in
th
e
lo
ca
l
n
et
w
o
rk
.
F
o
r
ex
a
m
p
le
,
w
h
en
a
p
a
ck
et

co
n
si
st
in
g
o
f
a
re
m
o
te
co
n
tr
o
l
si
g
n
a
l
a
rr
iv
es
,
th
e
co
m
m
u
n
ic
a
ti
o
n
n
o
d
e

o
rd
er
s
th
e
O
L
T
C
co
n
tr
o
ll
er
n
o
d
e
to
m
a
k
e
a
ta
p
o
p
er
a
ti
o
n
.
In
a
p
er
io
d
ic

w
ay
,
p
re
se
n
tl
y
ev
er
y
1
0
se
co
n
d
s,
p
a
ck
et
s
w
it
h
u
p
-t
o
-d
a
te
m
ea
su
re
m
en
ts

a
re
se
n
t
to
th
e
T
o
m
el
il
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b
-s
ta
ti
o
n
.
T
h
e
co
m
m
u
n
ic
a
ti
o
n
n
o
d
e
a
ls
o

fo
rw
a
rd
s
m
es
sa
g
es
to
o
th
er
st
a
ti
o
n
s.
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o
n
d
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io
n
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o
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e
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n
ts

T
h
e
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n
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lo
g
In
p
u
t
N
o
d
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p
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v
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en
t
m
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su
re
m
en
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o
m
th
e
m
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-
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m
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t
tr
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n
sd
u
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rs
.

T
h
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e
a
re
tr
a
n
sl
a
te
d
in
to
th
e
p
.u
.
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u
a
n
ti
-
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u
se
d
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y
th
e
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n
tr
o
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sy
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em

b
y
th
e
co
m
m
u
n
ic
a
ti
o
n
n
o
d
e.
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th
e

T
o
m
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il
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st
a
ti
o
n
,
th
e
lo
a
d
p
ow
er
m
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su
re
m
en
ts
a
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n
d
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n
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b
y
th
e
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p
er
v
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e
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e
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m
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u
n
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a
ti
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n
n
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d
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o
f
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m
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u
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o
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a
l
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d
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S
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t

E
a
ch
ti
m
e
th
e
co
m
m
u
n
ic
a
ti
o
n
n
o
d
e
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n
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e
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a
l
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n
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o
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n
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d
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n
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m
er
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a
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ed
.
If
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e
ti
m
er
ex
p
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es
,
th
e

co
m
m
u
n
ic
a
ti
o
n
n
o
d
e
a
ss
u
m
es
th
a
t
it
h
a
s
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co
n
ta
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w
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h
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e
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p
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v
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o
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n
tr
o
ll
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rd
er
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e
O
L
T
C
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n
tr
o
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o
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to
lo
ca
l
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n
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o
l
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o
d
e.
A
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th
e
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a
g
e
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ev
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ti
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n
tr
o
ll
er

m
in
u
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s,
th
e
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p
er
v
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o
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n
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o
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a
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u
m
ed
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e
m
a
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u
n
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n
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g

a
n
d
th
e
O
L
T
C
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n
tr
o
l
n
o
d
e
is
o
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ed
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l
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n
tr
o
l
m
o
d
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O
L
T
C
C
o
n
tr
o
ll
e
r
N
o
d
e
s

T
h
e
O
L
T
C
co
n
tr
o
ll
er
n
o
d
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im
p
le
m
en
t
co
n
tr
o
l
sy
st
em
s
a
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o
rd
in
g
to
se
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ti
o
n
3
.2
o
p
er
a
ti
n
g
in
co
n
st
a
n
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Chapter 6. On Dynamic Modelling of OLTCs

been on understanding of the complex dynamic nature of voltage collapse

to which OLTC dynamics signi�cantly contributes. The role of OLTCs in

combination with aggregate loads has received considerable attention [Abe

et al., 1982, Liu and Vu, 1989, Medani�c et al., 1987, Popovi�c et al., 1996b, Vu

and Liu, 1992]. Voltage instability problems concerned with OLTC dynamics

were analysed in [Abe et al., 1982, Liu and Vu, 1989, Popovi�c et al., 1996b, Vu

and Liu, 1992] using the continuous state OLTC model. Stability conditions

providing proper coordination of multiple OLTCs were derived in [Medani�c

et al., 1987, Yorino et al., 1996] using a discrete state tap model. Limit

cycles and other oscillatory voltage instability problems created by interaction

between cascaded tap changing transformers and/or by load-tap interaction

were investigated in [Hiskens and Hill, 1993, Popovi�c et al., 1996a, Vournas

and Cutsem, 1995].

In this chapter, the inuence of OLTC modelling in power system loaded

close to oscillatory voltage instability is investigated. The OLTC dead-band

is shown to play a central role in creating a limit cycle phenomenon. Using the

describing function method, the conditions for this phenomenon to appear is

derived.

6.2 Example System

A single load, single OLTC system such as shown in Figure 6.1 is considered.

The example system represents a distribution bus fed through a tap changing

transformer and a transmission system equivalent. To increase transfer limits,

the distribution system has been compensated by a capacitor bank. Although

simple, the system contains all the principal components which a�ect voltage

behaviour, especially after line fault or under heavy load conditions.

Load and Network Models

Focusing on tap changer dynamics and therefore on a slower time scale (below

� 0:1 Hz) than the one relevant to generator dynamics, the generator bus is

modelled as an in�nite bus. The load is modelled as an exponential recovery

load according to equations (2.3)-(2.4), except that Ps(v) = kP0v
�s , Pt(v) =

kP0v
�t , Qs(v) = kQ0v
�s and Qt(v) = kQ0v
�t . The parameter k has been

introduced as a scale factor on the load parameters P0, Q0 and B0.

Combining the load dynamics with power balance equations at the load

bus, the model can be written in the di�erential-algebraic form

_x = f(x; V ) (6.1)

0 = g(x; V; n) (6.2)

68
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Pd, Qd

kB0

jX
G

1:n

v0 v, δ

Figure 6.1 Example power system studied.

Network Data X B0 Load Data P0 Q0 Tp=Tq αs=βs α t=βt

0 .5 0 .5 1 .0 0 .5 6 0 0 2

OLTC Data tap step tap limits DB/2 T Td0 Tm0

1 % ±  15 % 0.9 % 3 0 2 5 * ( 1 / 0 . 9 ) 5 * ( 1 / 0 . 9 )

Table 6.1 Network, Load and OLTC Parameter values

where x = [xp xq ]
T is the load state vector, V = [v �]T is the load voltage

vector and n is the transformer tap ratio. For the example system, functions

f and g can be written as

f(x; V ) =
"
1
Tp
(�xp + kP0(v
�s � v�t))

1
Tq
(�xq + kQ0(v
�s � v�t))

#

(6.3)

g(x; V; n) =
"
vv0 sin (�)

Xn + xp + kP0v
�t

v(v�cos (�)v0n)

Xn2 + xq + kQ0v
�t � kB0v
2

#
(6.4)

OLTC Models

For the purpose of studying the limit cycling phenomenon, the following three

OLTC models will be used:

ODE This is a model where the OLTC is modelled by an ordinary dif-

ferential equation which is often used in voltage stability analysis. It

approximately describes the dynamics of an OLTC with an inverse-time

delay characteristic, but does not account for the dead-band or discrete

tap steps. The model can be written as

dn
dt

= �
1

T
(v � vr) (6.5)
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Chapter 6. On Dynamic Modelling of OLTCs

where v is the regulated voltage, vr is the voltage set-point and T is

the controller time delay.

DBODE Augmenting the ODE model with a dead-band on the input we

get

dn
dt

=
8><

>:
� 1
T (v � vr �DB=2) if v � vr > DB=2

� 1
T (v � vr +DB=2) if v � vr < �DB=2

0 if jv � vrj < DB=2

(6.6)

where DB is the size of the dead-band.

Detailed is the control system described in Section 3.2 with Td =
DB Td0

2jv�vrj

and Tm = DB Tm0

2jv�vrj
.

For agreement with [Sauer and Pai, 1994], function and reset voltages have

been chosen to be identical (ufunction = ureset = DB=2). It is shown in [Sauer

and Pai, 1994] that if T in (6.5) is chosen such that T DB=2

tap step = Td0+Tm0, the

ODE model makes the best continuous state match to the Detailed model in

the sense of time response.

To illustrate potential di�erences in OLTC responses (Figure 6.2), a 5 %

disturbance in the feeding voltage, v0, is assumed in the moderately loaded

(k = 0:5) power system of Figure 6.1. System parameter values are given in

Table 6.2. With the ODE model, the tap ratio is adjusted until the voltage

deviation becomes exactly zero. Since at that time, the load dynamics have

not settled yet, there is a slight overshoot. With the DBODE model, the

feedback path is broken as soon as the voltage deviation is within the dead-

band. Therefore overshoot due to the load dynamics is avoided. With the

Detailed model, the tap state is changed in �xed steps. Additional voltage

restoration due to load dynamics following the last tap operation is also

present with this model.

Despite the slight di�erences in responses in Figure 6.2, the overall be-

haviour of the moderately loaded system is similar for all OLTC models. The

sensitivity to the OLTC modelling is however more signi�cant in a heavily

loaded power system. As it will be shown in the following sections, the oc-

currence of voltage collapse or limit cycles is greatly a�ected by the OLTC

model used in the analysis.
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0.95
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)
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dbode   

Time (min)
0 5 10

0.95

1

1.05
detailed

Time (min)

Figure 6.2 Response to voltage disturbance for the three OLTC models - Load

side voltage (solid line) and tap ratio (dashed line).

6.3 Small Signal Stability Analysis

The system equilibrium can be found by solving the equations f(x; V ) =

g(x; V; n) = 0 for the unknowns x, n and �. Linearising (6.1)-(6.2) around

the equilibrium point yields

d(�x)

dt

=

@f
@x

�x+
@f

@V
�V (6.7)

0 =

@g
@x

�x +

@g
@V

�V +
@g

@n
�n (6.8)

Eliminating �V from (6.7), the linearised system model can be written

in the standard state space form with �n as an input and �V as an output.

That is,

d(�x)

dt

= A�x+B�n (6.9)

�V = C�x+D�n (6.10)

where A = @f
@x �

@f
@V (

@g
@V )

�1 @g
@x , B = � @f
@V (

@g
@V )

�1 @g
@n , C = �( @g@V )

�1 @g
@x and

D = �( @g@V )
�1 @g
@n . The state space form has the more convenient transfer

function equivalent

Gn(s) = C(sI �A)�1B +D (6.11)

By combining the ODE OLTC model with the linearised system model,

small signal stability analysis is made using the parameter values given in

Table 6.2. Figure 6.3 shows a contour map of the real part of the dominant

mode eigenvalue as a function of the OLTC time delay (T ) and the load scale

factor (k). The stability bound is thus given by the 0-contour. Two observa-

tions that can be made regarding the system small disturbance stability are
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Chapter 6. On Dynamic Modelling of OLTCs

G(jω) = -Gc(jω)Gn(jω)Gn(jω)

N(A)Gc(jω)

(a) (b)

N(A)

⇒

∆n

−

∆V

Figure 6.5 Schematic of the feedback loop used in the describing function anal-

ysis.

periodic, they are approximately sinusoidal. This assumption is reasonable

if the transfer function G(s) in Figure 6.5b has low pass characteristics, i.e.,

�lters out higher order harmonics. The linearised model Gn(s) given by

(6.11) does not have this property (since the matrix D in (6.10) is nonzero).

However when lumped with the ODE part of the DBODE model denoted by

Gc(s) in Figure 6.5a, it achieves this.

The describing function of the dead-band in the DBODE model is [Hsu

and Meyer, 1968]

N(A) =
8>><

>>:
1� 2
�

�
sin�1(DB
2A ) + DB
2A

q
1� (DB
2A )2

�

if A > DB=2

0 if A < DB=2

(6.12)

where A is the amplitude of a sinusoidal input. A necessary condition for

existence of a limit cycle is [Hsu and Meyer, 1968]

G(j!) = �

1
N(A)

(6.13)

This equation is not easily solved analytically in terms of load and OLTC

model parameters, but can be solved graphically or numerically. A limit cycle

exists for each intersection of the curves G(j!) and �1=N(A) in a Nichols

diagram. From the point of intersection the amplitude and frequency of the

limit cycle are approximately determined.

In Figure 6.6 the two curves are shown for di�erent values of k in the in-

terval [0.8, 1.1] and T = 30 s. The following three cases can be distinguished:

1. k < 0:986, the open loop system G(s) has only stable poles, the closed

loop system is stable, the phase changes from �90� at low frequencies

to �90� at high frequencies, no intersection can occur (dotted lines);
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Figure 6.6 Nichols diagram of G(j!) for di�erent values of k in the interval

[0:8; 1:1] (T = 30 s). The thick line is �1=N(A).

2. 0:987 < k < 1:082, the open loop system has one unstable pole, the

closed loop system is stable, the phase changes from �270� at low

frequencies frequencies to �90� at high frequencies, one intersection

(thin solid lines);

3. k > 1:083, the open loop system has one unstable pole, the phase

changes from �270� at low frequencies to �90� at high frequencies, the

closed loop system experiences instability, no intersection (dash-dotted

lines).

In case 2, the intersection indicates that a limit cycle exists. The ampli-

tude of the limit cycle is determined by the curve �1=N(A) which depends

only on the dead-band size and the frequency is determined from the curve

G(j!) that is independent of the dead-band size. The describing function

always maps on a line between (0dB;�180�) and (1;�180�) regardless of

the dead-band size. It implies that a change in the dead-band size does not

a�ect the existence of a limit cycle. The change in time constants, such as

time delay or load recovery time constants, a�ects Gc(j!) as a gain factor

and therefore shifts the curve G(j!) up or down in the Nichols plot. Conse-

quently the amplitude can be changed, but not the frequency. Shifting the

curve below the point (0dB,�180�) could remove a limit cycle, but would

also cause instability of the closed loop system. Note however that load scal-

ing (k) and the voltage sensitivity parameters of the load have a signi�cant
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inuence, and can a�ect existence, frequency and amplitude of limit cycles,

since they directly a�ect the shape and position of the curve G(j!).

Simulation is used to verify the predictions of the existence and stability

of limit cycles. Figure 6.9 (top) illustrates the stable system behaviour for

the lower bound on k (k = 0:986) along with the describing function analysis

result which correctly predicts that the system is free from limit cycles. In-

creasing the value of k yields to limit cycles of various amplitudes. Alim and

Tlim given in the �gure denote the amplitude and period time of limit cycle as

predicted by the describing function method. As can be seen from Figure 6.9,

the limit cycle amplitude is predicted accurately for all values of k, but the

frequency is not for small k. For k = 1:09, no limit cycle is present, but

the closed loop system is unstable as predicted by the small-disturbance and

describing function analysis. Note that for the describing function method

to provide an accurate prediction of the limit cycle frequency, the two curves

G(j!) and �1=N(A) should intersect at an angle as close as possible to 90�.

Referring to Figure 6.9, it is clear that for the smaller values of k, the angle

of intersection deviates increasingly from the ideal 90�. The logarithmic scale

of the y-axis partly conceals this deviation in Figure 6.9.

6.6 Comparison of OLTC Models

In this section the sensitivity of system behaviour to OLTC modelling is

investigated for a highly loaded power system. Figure 6.7 presents simulation

results obtained with k = 1 and T = 30 s. As seen in the �gure, the system

exhibits stable behaviour with the ODE model. This is in agreement with

small-disturbance stability analysis. For the models that contain the dead-

band though, there are limit cycles with an amplitude of 0.01 p.u. and

di�erent frequencies, depending on the OLTC model used.

The small disturbance analysis in Section 6.3 also indicates, that the

system with the ODE model is unstable if the load dynamics is su�ciently

fast compared to the OLTC time delay. This is illustrated in Figure 6.8 (top

left) for k = 1, T = 120 s and Tp = Tq = 10 s. The system remains unstable

with the DBODE model too, but the extra lag introduced by the dead-band

causes the oscillations to grow more rapidly and voltage collapse occurs one

period earlier for that model than for the ODE model. However with the

Detailed model the system exhibits a limit cycle preventing the occurrence

of oscillatory voltage instability.

From the simulations in this section, we see that the modelling of the

OLTC has a signi�cant e�ect on the behaviour of the system model.
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Figure 6.7 Simulations of feeding voltage disturbance for di�erent OLTC mod-

els. k = 1, T = 30 s.
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Figure 6.8 Simulations of feeding voltage disturbance for di�erent OLTC mod-

els. k = 1, T = 120 s, Tp = 10 s, Tq = 10 s.

6.7 Discussion

The describing function analysis results in terms of conditions for limit cycle

existence, presented in Section 6.5, are valid only for the DBODE OLTC

model. Nevertheless, the analysis has clearly shown that the limit cycle

phenomena are related to the load dynamics, dead-bands and the interaction

between load and tap changer. It has also been shown that the limit cycles

are present in the mathematical model of the power system and not due to

numerical problems in the simulation. A similar analysis for the Detailed

OLTC model is possible but would require a derivation of the describing

functions corresponding to the nonlinearities present in that model. Note

that, since those nonlinearities have memory, the describing functions will be

frequency dependent as well as amplitude dependent.

Because of the well-known limitations of the describing function method

[Hsu and Meyer, 1968], only a single load single OLTC system has been

considered here. However, the simulation of a power system model with

cascaded OLTCs has been shown to exhibit a similar or even greater tendency

to self-oscillate [Hiskens and Hill, 1993, Popovi�c et al., 1996a].
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sa
ry
v
o
lt
a
g
e
a
n
d
th
er
eb
y

lo
a
d
ov
er
sh
o
o
t
is
av
o
id
ed
in
ca
se
o
f
la
rg
e
v
o
lt
a
g
e
d
is
tu
rb
a
n
ce
s.
W
it
h
co
o
r-

d
in
a
te
d
v
o
lt
a
g
e
co
n
tr
o
l,
lo
a
d
si
d
e
v
o
lt
a
g
es
ca
n
b
e
re
d
u
ce
d
to
p
ro
v
id
e
lo
a
d

re
li
ef
.
T
h
e
�
el
d
m
ea
su
re
m
en
ts
in
[K
a
rl
ss
o
n
,
1
9
9
2
]
sh
ow
ed
th
a
t
a
t
le
a
st
a
5
%

lo
a
d
re
li
ef
fo
r
a
co
u
p
le
o
f
m
in
u
te
s
ca
n
b
e
a
ch
ie
v
ed
b
y
a
5
%
v
o
lt
a
g
e
re
d
u
ct
io
n
.

A
ls
o
,
th
es
e
m
ea
su
re
m
en
ts
sh
ow
ed
th
a
t
m
o
st
lo
a
d
s
d
o
n
o
t
re
co
v
er
fu
ll
y,
b
u
t

ex
h
ib
it
st
ea
d
y
-s
ta
te
v
o
lt
a
g
e
d
ep
en
d
en
cy
so
th
a
t
so
m
e
o
f
th
e
lo
a
d
re
li
ef
w
il
l

b
e
la
st
in
g
.
In
a
d
d
it
io
n
to
th
e
d
ir
ec
t
lo
a
d
re
li
ef
d
u
e
to
th
e
lo
a
d
v
o
lt
a
g
e
se
n
si
-

ti
v
it
y,
a
n
in
d
ir
ec
t
lo
a
d
re
li
ef
o
n
th
e
tr
a
n
sm
is
si
o
n
sy
st
em
d
u
e
to
re
d
u
ce
d
lo
ss
es 8
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C
h
a
p
te
r
7
.

F
u
tu
re
W
o
rk

w
il
l
b
e
p
re
se
n
t.
A
lt
h
o
u
g
h
te
m
p
o
ra
ry
,
d
u
e
to
th
e
lo
a
d
re
co
v
er
y
d
y
n
a
m
ic
s,
th
is

lo
a
d
re
li
ef
m
ay
p
ro
v
id
e
va
lu
a
b
le
ti
m
e
to
ex
ec
u
te
o
th
er
em
er
g
en
cy
a
ct
io
n
s.

A
n
in
te
re
st
in
g
to
p
ic
fo
r
fu
tu
re
re
se
a
rc
h
is
to
in
v
es
ti
g
a
te
h
ow
th
e
lo
a
d
in
g

o
n
th
e
tr
a
n
sm
is
si
o
n
n
et
w
o
rk
d
ep
en
d
s
o
n
th
e
v
o
lt
a
g
e
se
t-
p
o
in
ts
o
n
th
e
lo
w
er

le
v
el
s
o
f
th
e
d
is
tr
ib
u
ti
o
n
sy
st
em
s,
a
n
d
to
in
v
es
ti
g
a
te
th
e
im
p
a
ct
o
f
d
is
tr
ib
u
ti
o
n

n
et
w
o
rk
v
o
lt
a
g
e
se
t-
p
o
in
ts
o
n
tr
a
n
sm
is
si
o
n
sy
st
em
v
o
lt
a
g
e
st
a
b
il
it
y.
T
h
e
w
o
rk

co
u
ld
p
o
ss
ib
ly
b
e
d
iv
id
ed
in
th
es
e
p
a
rt
s:

�
o
n
-l
in
e
es
ti
m
a
ti
o
n
o
f
lo
a
d
p
a
ra
m
et
er
s,
st
a
rt
in
g
p
o
in
t
in
[D
ov
a
n
et
a
l.
,

1
9
8
7
]

�
m
o
d
el
li
n
g
d
is
tr
ib
u
ti
o
n
sy
st
em
s
a
s
se
en
fr
o
m
th
e
tr
a
n
sm
is
si
o
n
le
v
el
[L
in
d

a
n
d
K
a
rl
ss
o
n
,
1
9
9
6
].

�
d
et
ec
ti
o
n
o
f
st
a
b
il
it
y
p
ro
b
le
m
in
th
e
tr
a
n
sm
is
si
o
n
sy
st
em
[L
�o
f,
1
9
9
5
]

�
id
en
ti
�
ca
ti
o
n
o
f
w
ea
k
tr
a
n
sm
is
si
o
n
sy
st
em
b
u
se
s
[A
rn
b
o
rg
,
1
9
9
7
]

�
ca
lc
u
la
te
im
p
a
ct
o
f
re
st
o
re
d
lo
a
d
-s
id
e
v
o
lt
a
g
es

�
d
et
er
m
in
e
a
lt
er
n
a
ti
v
e
co
n
tr
o
l
st
ra
te
g
y
fo
r
d
is
tr
ib
u
ti
o
n
O
L
T
C
s,
if
v
o
lt
-

a
g
e
re
st
o
ra
ti
o
n
w
il
l
a
g
g
ra
va
te
st
a
b
il
it
y
p
ro
b
le
m

T
h
e
re
fe
re
n
ce
s
g
iv
en
h
er
e
p
o
in
t
to
re
le
va
n
t
re
su
lt
s
th
a
t
m
ay
b
e
u
se
fu
l,

b
u
t
h
a
s
to
b
e
a
d
a
p
te
d
fo
r
th
is
p
ro
je
ct
.
T
h
e
tw
o
la
st
p
o
in
ts
a
re
n
ew
re
se
a
rc
h

a
re
a
s
a
n
d
w
il
l
b
e
th
e
m
a
in
th
em
e
o
f
th
e
co
n
ti
n
u
ed
re
se
a
rc
h
.

7
.2
F
u
ll
-S
c
a
le
Im
p
le
m
e
n
ta
ti
o
n
in
th
e
� O
st
e
rl
e
n
S
y
st
e
m

D
u
ri
n
g
th
e
w
o
rk
re
su
lt
in
g
in
th
is
th
es
is
,
th
e
co
n
tr
o
ll
er
w
a
s
im
p
le
m
en
te
d
in
a

si
n
g
le
b
ra
n
ch
o
f
th
e
d
is
tr
ib
u
ti
o
n
sy
st
em
a
t
� O
st
er
le
n
.
C
o
n
si
d
er
in
g
a
fu
ll
d
is
-

tr
ib
u
ti
o
n
sy
st
em
w
il
l
g
iv
e
so
m
e
a
d
d
it
io
n
a
l
fr
ee
d
o
m
,
si
n
ce
o
n
ly
th
e
cu
st
o
m
er

si
d
e
v
o
lt
a
g
es
h
av
e
to
b
e
a
cc
u
ra
te
ly
re
g
u
la
te
d
.
C
er
ta
in
M
V
v
o
lt
a
g
es
ca
n
b
e
a
l-

lo
w
ed
to

u
ct
u
a
te
m
o
re
,
th
er
eb
y
o
�
er
in
g
p
o
ss
ib
le
a
d
d
it
io
n
a
l
sa
v
in
g
s
in
te
rm
s

o
f
n
u
m
b
er
o
f
ta
p
o
p
er
a
ti
o
n
s.
A
fu
ll
-s
ca
le
im
p
le
m
en
ta
ti
o
n
o
f
th
e
ru
le
-b
a
se
d

co
n
tr
o
ll
er
in
th
e
� O
st
er
le
n
sy
st
em
w
h
ic
h
h
a
s
1
6
su
b
st
a
ti
o
n
s
w
it
h
O
L
T
C
s,
is

p
la
n
n
ed
fo
r
th
e
a
u
tu
m
n
o
f
1
9
9
7
.

7
.3
L
im
it
C
y
c
le
s
d
u
e
to
O
L
T
C
D
e
a
d
-b
a
n
d
s

In
C
h
a
p
te
r
6
,
a
li
m
it
cy
cl
e
p
h
en
o
m
en
o
n
a
ri
si
n
g
fr
o
m

lo
a
d
-t
a
p
in
te
ra
ct
io
n

a
n
d
O
L
T
C
d
ea
d
-b
a
n
d
s
w
a
s
in
v
es
ti
g
a
te
d
.
C
o
n
d
it
io
n
s
fo
r
th
e
p
h
en
o
m
en
o
n
to

a
p
p
ea
r
w
er
e
d
er
iv
ed
fo
r
a
si
m
p
le
sy
st
em
u
si
n
g
a
n
O
L
T
C
m
o
d
el
a
cc
o
u
n
ti
n
g

8
2

7
.3

L
im
it
C
yc
le
s
d
u
e
to
O
L
T
C
D
ea
d
-b
a
n
d
s

fo
r
th
e
O
L
T
C
d
ea
d
-b
a
n
d
.
It
is
p
o
ss
ib
le
to
d
er
iv
e
d
es
cr
ib
in
g
fu
n
ct
io
n
s
fo
r

th
e
va
ri
o
u
s
m
o
re
a
cc
u
ra
te
O
L
T
C
m
o
d
el
s
th
a
t
h
av
e
b
ee
n
p
re
se
n
te
d
.
T
h
is

w
o
u
ld
g
iv
e
in
si
g
h
ts
in
to
th
e
co
n
d
it
io
n
s
fo
r
w
h
ic
h
th
e
p
h
en
o
m
en
o
n
w
il
l
a
p
p
ea
r

u
si
n
g
th
es
e
m
o
d
el
s.
W
o
rk
in
th
is
d
ir
ec
ti
o
n
is
a
lr
ea
d
y
in
p
ro
g
re
ss
a
n
d
w
il
l
b
e

su
b
m
it
te
d
fo
r
p
u
b
li
ca
ti
o
n
sh
o
rt
ly
.
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8 C
o
n
cl
u
si
o
n
s

H
o
fs
ta
d
te
r'
s
L
a
w
:

It
a
lw
a
ys
ta
ke
s
lo
n
ge
r
th
a
n
yo
u
ex
pe
ct
,
ev
en

w
h
en
yo
u
ta
ke
H
o
fs
ta
d
te
r'
s
L
a
w
in
to
a
cc
o
u
n
t

In
C
h
a
p
te
rs
2
-5
th
e
p
ro
b
le
m
o
f
O
L
T
C
co
n
tr
o
l
sy
st
em
in
te
ra
ct
io
n
h
a
s
b
ee
n

d
es
cr
ib
ed
a
n
d
th
re
e
m
ea
n
s
o
f
im
p
ro
v
ed
co
n
tr
o
l
h
av
e
b
ee
n
p
ro
p
o
se
d
,
ea
ch
w
it
h

it
s
ow
n
m
er
it
s:

�
n
ew
tu
n
in
g
o
f
co
n
v
en
ti
o
n
a
l
co
n
tr
o
ll
er
s

�
a
ce
n
tr
a
li
se
d
co
n
tr
o
ll
er
o
p
er
a
ti
n
g
o
n
th
e
b
a
si
s
o
f
o
n
-l
in
e
ta
p
o
p
ti
m
is
a
-

ti
o
n

�
a
ce
n
tr
a
li
se
d
co
n
tr
o
ll
er
o
p
er
a
ti
n
g
o
n
th
e
b
a
si
s
o
f
fu
zz
y
-s
et
m
a
n
ip
u
la
ti
o
n

T
h
e
�
rs
t
so
lu
ti
o
n
o
b
v
io
u
sl
y
h
a
s
th
e
m
er
it
th
a
t
th
e
ex
is
ti
n
g
co
n
tr
o
ll
er
s

a
re
p
re
se
rv
ed
,
so
th
a
t
n
o
n
ew
in
v
es
tm
en
ts
a
re
n
ec
es
sa
ry
.
T
h
er
ef
o
re
th
is
is

su
it
a
b
le
a
s
a
�
rs
t
st
ep
,
b
ef
o
re
a
ce
n
tr
a
li
se
d
co
n
tr
o
ll
er
is
im
p
le
m
en
te
d
.
T
h
e

si
m
u
la
ti
o
n
re
su
lt
s
in
C
h
a
p
te
r
5
in
d
ic
a
te
th
a
t
a
b
o
u
t
a
1
0
%
re
d
u
ct
io
n
o
f
th
e

n
u
m
b
er
o
f
ta
p
o
p
er
a
ti
o
n
s
is
a
ch
ie
v
ed
in
th
e
th
re
e-
O
L
T
C
te
st
sy
st
em
.

T
h
e
tw
o
n
ew
co
n
tr
o
ll
er
s
re
ly
o
n
co
m
m
u
n
ic
a
ti
o
n
b
et
w
ee
n
su
b
-s
ta
ti
o
n
s.

T
h
e
si
m
u
la
ti
o
n
re
su
lt
s
in
d
ic
a
te
a
re
d
u
ct
io
n
o
f
th
e
to
ta
l
n
u
m
b
er
o
f
o
p
er
a
ti
o
n
s

b
y
a
b
o
u
t
3
6
%
co
m
p
a
re
d
to
co
n
v
en
ti
o
n
a
l
sc
h
em
e
w
it
h
th
e
n
ew
tu
n
in
g
,
w
it
h

th
e
fu
zz
y
-r
u
le
b
a
se
d
co
n
tr
o
ll
er
.
T
h
e
a
d
d
it
io
n
a
l
re
d
u
ct
io
n
w
it
h
th
e
o
p
ti
m
a
l

co
n
tr
o
ll
er
is
a
b
o
u
t
4
5
%
co
m
p
a
re
d
to
th
e
co
n
v
en
ti
o
n
a
l
co
n
tr
o
ll
er
s
a
n
d
1
4
%

co
m
p
a
re
d
to
th
e
ru
le
-b
a
se
d
co
n
tr
o
ll
er
.
T
h
e
o
p
ti
m
a
l
co
n
tr
o
ll
er
re
li
es
a
ls
o
o
n

a
n
et
w
o
rk
m
o
d
el
a
n
d
is
su
it
a
b
le
fo
r
im
p
le
m
en
ta
ti
o
n
a
s
p
a
rt
o
f
a
D
A
sy
st
em

th
a
t
ca
n
p
ro
v
id
e
a
n
u
p
-t
o
-d
a
te
n
et
w
o
rk
m
o
d
el
,
w
h
er
ea
s
th
e
fu
zz
y
ru
le
-b
a
se
d

co
n
tr
o
ll
er
ca
n
b
e
im
p
le
m
en
te
d
o
n
it
s
ow
n
.
T
h
e
o
p
ti
m
a
l
co
n
tr
o
ll
er
w
a
s
a
ls
o

u
se
d
a
s
a
b
en
ch
m
a
rk
d
u
ri
n
g
th
e
d
es
ig
n
o
f
th
e
ru
le
-b
a
se
d
co
n
tr
o
ll
er
.
T
h
e

8
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C
h
a
p
te
r
8
.

C
o
n
cl
u
si
o
n
s

fu
zz
y
-r
u
le
b
a
se
d
co
n
tr
o
ll
er
w
a
s
u
se
d
in
a
p
ro
to
ty
p
e
th
a
t
h
a
s
b
ee
n
te
st
ed
in

th
e
ru
ra
l
d
is
tr
ib
u
ti
o
n
sy
st
em
a
t
� O
st
er
le
n
.

In
C
h
a
p
te
r
6
th
e
p
h
en
o
m
en
o
n
o
f
li
m
it
cy
cl
e
b
eh
av
io
u
r
d
u
e
to
ta
p
ch
a
n
g
er

d
ea
d
-b
a
n
d
s
a
n
d
lo
a
d
-t
a
p
in
te
ra
ct
io
n
h
a
s
b
ee
n
in
v
es
ti
g
a
te
d
.
A
ls
o
,
th
e
e�
ec
t
o
f

ta
p
d
y
n
a
m
ic
s
m
o
d
el
li
n
g
o
n
sy
st
em
b
eh
av
io
u
r
h
a
s
b
ee
n
il
lu
st
ra
te
d
.
It
h
a
s
b
ee
n

sh
ow
n
th
a
t
th
e
re
su
lt
s
fr
o
m
sm
a
ll
d
is
tu
rb
a
n
ce
a
n
a
ly
si
s
b
a
se
d
o
n
a
co
n
ti
n
u
o
u
s

O
L
T
C
m
o
d
el
a
re
u
n
re
li
a
b
le
,
es
p
ec
ia
ll
y
in
a
h
ea
v
il
y
lo
a
d
ed
p
ow
er
sy
st
em
.
U
n
-

d
er
h
ea
v
y
lo
a
d
co
n
d
it
io
n
s,
th
e
sy
st
em
w
it
h
a
d
et
a
il
ed
O
L
T
C
m
o
d
el
ex
h
ib
it
s

a
li
m
it
cy
cl
e
th
a
t
w
il
l
a
rr
es
t
o
sc
il
la
to
ry
v
o
lt
a
g
e
in
st
a
b
il
it
y
p
re
d
ic
te
d
b
y
sm
a
ll

d
is
tu
rb
a
n
ce
a
n
a
ly
si
s.
T
h
e
k
ey
p
a
ra
m
et
er
s
in
cr
ea
ti
n
g
/
av
o
id
in
g
th
is
k
in
d
o
f

li
m
it
cy
cl
es
a
re
id
en
ti
�
ed
a
s
th
e
sy
st
em
lo
a
d
le
v
el
,
d
eg
re
e
o
f
re
a
ct
iv
e
co
m
-

p
en
sa
ti
o
n
a
n
d
th
e
lo
a
d
v
o
lt
a
g
e
d
ep
en
d
en
cy
.
In
ce
rt
a
in
lo
a
d
in
g
co
n
d
it
io
n
s,

a
d
ju
st
in
g
O
L
T
C
co
n
tr
o
l
sy
st
em
p
a
ra
m
et
er
s
su
ch
a
s
ti
m
e
d
el
ay
s
o
r
d
ea
d
-b
a
n
d

si
ze
is
sh
ow
n
n
o
t
to
h
av
e
a
n
y
e�
ec
t
o
n
th
e
ex
is
te
n
ce
o
f
th
e
li
m
it
cy
cl
es
.

8
6

A S
ys
te
m
M
o
d
el
s

F
o
r
th
o
se
w
h
o
li
ke
th
is
so
rt
o
f
th
in
g,
th
is
is
th
e
so
rt

o
f
th
in
g
th
ey
li
ke
.

A
br
a
h
a
m
L
in
co
ln

A
.1
T
e
st
sy
st
e
m

A
.1

In
th
is
a
p
p
en
d
ix
,
th
e
m
a
th
em
a
ti
ca
l
m
o
d
el
li
n
g
a
n
d
p
a
ra
m
et
er
d
a
ta
fo
r
th
e

� O
st
er
le
n
te
st
sy
st
em
in
F
ig
u
re
2
.1
0
is
g
iv
en
.
C
o
m
b
in
in
g
th
e
in
d
iv
id
u
a
l
co
m
-

p
o
n
en
t
m
o
d
el
s
g
iv
en
in
se
ct
io
n
2
.1
w
it
h
p
ow
er
b
a
la
n
ce
eq
u
a
ti
o
n
s,
a
m
o
d
el
o
f

th
e
sy
st
em
ca
n
b
e
w
ri
tt
en
in
th
e
d
i�
er
en
ti
a
l-
a
lg
eb
ra
ic
fo
rm

_x

=

f
(x
;V
)

(A
.1
)

0

=

g
(x
;V
;u
)

(A
.2
)

w
h
er
e

x

=

[x
p
2
x
q
2
x
p
3
x
q
3
x
p
4
x
q
4
]T

(A
.3
)

V

=

[v
1
v 2
v 3
v 4
� 1
� 2
� 3
� 4
]T

(A
.4
)

u

=

[n
1
n
2
n
3
B
]T
:

(A
.5
)

x
is
th
e
d
y
n
a
m
ic
st
a
te
v
ec
to
r
a
n
d
V
is
th
e
a
lg
eb
ra
ic
st
a
te
v
ec
to
r.
T
h
e

tr
a
n
sf
o
rm
er
ta
p
ra
ti
o
s
(n
i)
a
n
d
th
e
ca
p
a
ci
to
r
b
a
n
k
su
sc
ep
ta
n
ce
(B
)
a
re
co
n
-

si
d
er
ed
to
b
e
co
n
tr
o
ll
a
b
le
va
ri
a
b
le
s
(u
).
F
u
n
ct
io
n
s
f
a
n
d
g
a
re
th
en
d
e�
n
ed

b
y
eq
u
a
ti
o
n
s
(A
.6
)-
(A
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Inthisappendix,themathematicalmodellingandparameterdataforthesmallerexamplesysteminFigure2.2are
given.
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