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AN ALGORITHM FOR DIRECT CALCULATION OF MAXIMAL
OVERVOLTAGES AT TRANSMISSION LINE ENERGIZATION

M.H.Abdel=-Rahman
Department of Electrical Engineering
University of El=-Mansoura, Ei-Mansoura, Egypt.

Abstract:

i ——————

The paper is based on closed form analytical solution
for switching overvolteges obtained by s-domain techniques,
The sequential closing of the switch poles energizing a trans-
mission line is reflected in expressions of the open-end vol-
tages in terms of time and three parameters related to the
moments of switching, These functions are then maximized by
constrained optimization techniques,

Introduction:

A new approach for the calculation of electromagnetic
transients in power system networks, based on state equations
obtained by rational approximation in the s-domain, has been
recently developedl'5. Its mein advantage with respect to
travelling wave approach methodsG’T, of which an up-~to-date
overview is given by Martia, consists in the fact that a
transient voltage or current can be expressed and calculated
from closed, form, analytical expression. Thus & transient
can be calculated at discrete times without step-by-step
integration procedures; and, perhaps, it is even more important
that a closed form solution permits enalytical calculations
for instance maximization of overvoltages with regpect to time
and some other paremeters, as it is shown in this paper. With-
out claiming that s-domein solutions are in general perferable
to travelling wave methods, it is intened to examine here one
particular application which is possible only due to the
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gource

analytical form of the solution., It is felt thet other analytical
calculations, related perhaps to control and optimization, may
eventually also be performed,

When energizing a& transmission line the overvoltages at the
far end depend in addition to time, on three parameters related
to the closing time of the three switch poles, In order to obtain
maximized values, & large number of simulations has to be performed.
On the other hand, & numerical optimization algorithm will appro-
ach in large steps the solution point in the four dimensional space.
This is of course at the price of longer preparatory work (as com-
pared to simulations using & travelling wave approach) required
for producing the closed form expressions of the objective func-
tions to be optimized.

Cloged form calculation of voliages:

This section will review the s-domain procedures of referen-
ces 1,2,3,4,5, on hand of the problem of seguential energization
of a three~phase transmission line (PFPig, l-a). The problem con-
aists of three sequential problems, each with a single input:
the compensating voltege for the clesing switch pole (Fig. 1-b).
There are each time several outputs: the voliages at the line end,
and the voltages at the still-open switch poles,
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Fig, 1: Line energization

(a) Basic circuit.
(b) Compensating voltages sources when closing switch pole 1,2

and? indicete outputs of Interest.
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Scalar transfer functions H(g) are set up for all input-
output conditions (see Appendix 1), This is possible by using

the concept of complex depth p = 1 in terms of the complex
Spoo

frequency s for the calculation of line impedances and repla-
c¢ing everywhere else as well jw by s,

The transfer functions H(s) are then approximated by
rational polynomials in s, These are expended in simple frac-
tions with around 20 mostly complex conjugate poles p, and
associated residues Ty

r
H(s) = & £ + d (1)
k 87 %
The equivalent state equations are:

X = Pp X + U (2)
y = E%. ry X + du (3)
If the input is exponential, i.e.:
%t
us= = a4 el (4)
i
The equations (2) yield by integration from t = t, with
xk(to) = 02 b,
t p.t
_ 1 k
X, = >1:Aie + Ake (5)
&4
where: A, = (61)
i~ Px
a (¥.-p. )%
A = ~ : i——— e 1 pk) ° (6“)
k i %1 7 Py

Once the state varisbles are calculated by equation (5), they
caen be used in equations as (3) to obtain any number of outputs
y (see Fig, 1-b):
— Ut <
y:L_(Bi+d)aiei + L
i k

b
A e K (7)

Tk 2k



E. 20 M. H. Abdel-Rahman

where: r
B, = L £ (8)
1 k ¥, - p
i k
Subscripts for indicating which output is considered have been
and will be ommitted for simplicity,

For the first pole to close 'Ki of, equation (4) is 1+ jw.

In general '53 represent (complex) input fregquencies. The
gtate variables (5) and the outputs contain the input frequencies
and the (complex) naturasl frequencies Pye At the next switching
the output veoltages become part of the compensating voltages for
the closing pole, and thus all previous ‘ﬂi and p, become in-
put frequencies,

Thus all p, from the previous stage have to be renamed as %i
and new natural frequencies P Wwill exist in the input. The
details of these operations will be shown in the next section,

A —— it e e A - - — — s Skt S P P Y ik o e B

vy o Voltage across switch pole i, of 1 = 1,2,3; at recelving
end of 1 = 4,5,6 (Fig. 2).
ey ¢ Thevenin voltage at the switches, for power frequency source.
€yg¢ Sine-input (i = 1,2,3)
e. .t Cos -~ input (4 = 1,2,3)
Vygt Sine - responce (i = 1,...,6)
Viot Cos - responce (i = 1,...,6)
8 : Switching angle
ti : Closing time of switch pole i
Vi v"i, vi"'z Voltage due to the application of compensating
voltage for closing:
pole 1 at t; =0 (1= 2,,,.,6)
pole 2 at t, (i = 3,...,6)
pole 3 at ts (1 = 4,5,6 )
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6.

Phases a,b and ¢ are associated to particular conductors
of the line; whichever phase voltage 1s applied first to the line
will be called 1; the numbers 1,2 and 3 are assigned to corregpond
to the sequence of pole closure; 4,5 correspond to the respective
receiving end voltages. The source Thevenin voltage as seen bet-
ween the switch terminals ig:

ey = sin (wt + 0) ( 9v)
e, = gin (wt + 8 T %-T—‘.) ( gm)
eq = sin (wi + © irdgll) (9n1)

The switch poles cloge at tl = 0, t2, t3.

The receiving and voltages T \L and Vg 8are thus functions
of t, &, t2 and t3. They can be maximized with respect to these
four parameters, subject to the constraints: t,> 0 and t3>.t2> 0.

Since -~ and ¢os-Responses:

Equations (9) can be rewritten ag

e; = 8in (wt + 6 + (4-1) %JIJ
8y = €4,.C08 O + eie.ainze(i =1,2,3) (10)
where e;g = 8in (wt ¥ (i-1) FIL) (11')

M

1o = cos {(wt + (i-1) %IL) (11m)
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are a gine-and a cos-input, respectively. The input voltage ey
of equation (10) is a linear combination, with coefficlents cos 6
and sin 6, of these two particular inputs,

By superposition, all outputs will be obtained superimposing
the responses Vg and vicdue to there two inputs. They will be
called sine~and cos~responses respectively. The complete response,
due to the input (10) and a givenset-of gwitching operations, is:

Vi =Vyg €088+ v, sine (12)
Thus, up to the last gtep, it is sufficient to consider geparately
the gine-and cos-inputs and to calculate independently their res-
ponses. This will be shown in more detsiled in the following sections.

— ety B e B . s e ey S it e

The first phase closes at tl = 0, Before switching the vol-
tage across pole 1 ig vy = ey of equation (9'),
The switching operation is simulated by the application ascross
pole 1 of the compensating voltage—vl = -e;, or, more exactly, of
its gine-and cog-components. The other two poles are open. The
result of the calculations are the cloged form expressions (gee
Appendix 2):

v, {t) and Vie{t), for i = 2,,..,6 (13)
Now the resultant voltage at pole 2 has the components

ezs(t) + vzs(t) and egét) + vzét) (14)

Two_poles_cloged:

The second pole closea at t = te. This is simulated by
applying across pole 2 a compensating voltage equal to the nega-
¥ive of the given switch voltage given in equation (14). The
first pole is closed, the third still open. We obtain the res-
ponsges (see Appendix 3):

v“ia(t,tg) and V"ic(t’tZ)’ for i = 3,...,6 (15)
The resultant voltage at pole 3 has the components:
eBs(t)+v'Bs(t)+v“33(t,t2) and e3c(t)fv"30(t,t2)
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At the open line end (1 = 4,5,6) the voltage components are:
Vig(tety) = vi  (£) + v (6, t,) (277)

- ) tr n

vic(t,tz) = v ic(t) + v ic(t,‘ca) (17")

30k e S ot oy B i Y it i

The third pole closes at t=t3. We apply here the negative
of the voltages given by equation (16). Poles 1 and 2 are closed,
The reasponses obtained are (see Appendix 4):

v"'is(t’tE’tB) and v"'ic(t,t2,t3), for 1=4,5,6 (18)
Thus the resultant sine-and cos responses at the open line end
(£ = 4,5,6) are :

Vis(t’t2:t3 )=vlis(t)+v"i8(t’t2)+v|”is(t't2’t3) (19')

vic(t’t2’t3)=v'ic(t)+v"ic(t’t )+v"'ic(t,t2,t3) (19m)

where the results of equations (13), (15) and (18) are used,

Resultant voltages:

Equation (12) indicates how the resultant voltage is obtained
at the line end., It igs applied for the components obtained in
equations (13), (17) and (19).

Maximization of V4 8lven in equation (12) with respect to @ is
straightforward; by requesting that

>V
i .o (20)
56
We obtain the maximizing value of 6 from:
v
tan © = —3iC. (21)
is
So that the maximum value of vi in terms of 6 becomes
| 2 2
v, = \Jvis + Vio (22)

Substituting the particular expressions of equations (13), (17)
and (19), equation (22) yields the objectives, for i=4,5,6,

1- for %% 0: vy(t)—s max, (23')
2- for t) t, 0 vi(t,t2)_._-,. max. (23m)
3- for t} ty 1, 0 vi(t,t2,t3)_=,_ max, (23mnr)

These are will scaled problems of conestrained ocptimization,



The optimization procegs_gradients:

The objective functions and constraints for the optimization
problems are shown in equation (23) and Appendices 3 and 4 indi-
cate how the parameters t2 and t3 enter into the functions vi(t,t2)
and vi(t,tz,t3). For actually calculating the gradient of the
general output function y of (7) equations (6) and (7) have to be
used,

- v Bt e - —

From equation (7):

7.t p, t
vy i <~ k
S% = 2}:3;(31+d)ai e + A;_ Py Ty Ak e (24)
The equation (24): A, and B, are obtained from equations (6™)

and (8).

The parameter t3 appears only in vi(t’t2’t3) of equation
(23"'), Therefore, it enters into (7) only through the coeffi-
cient A of (6");

a. (% -p. )t
Ak = - ‘ri Xi -lpk e i k 3 (25)
and we obtain
Dy Vi Pyt
35 =Zk TN (26)
where, from (25)
> A (¥.-p, )t
3 TR ue al

Derivative with respect to %,:

The parameter t2 appears first in vi(t,t2) of equation
(23") valid after closing the second switch pole. It ig then
carried over into the subsequent stage of switching. For the
derivative of vi(t,tg) with respect to t2 equations similar to
(26) and (27) are obtained: _

2 2 > epkt (261)

y.
2l = 2 r
3P P N
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ik < (31 - Pyt '
where _'b{'; = —4{_ a; e (271)

In the third stage, after the third pole is closed, tg enters in
expression (7) of y through those coefficients 8y of the input
which cerry over the new natural output terms obtained in the pre-
vious stage:

Dy d8; Byt DA Pyt
VT

We will now denote by & prime the variables of the previous stage.
Therefore, from (7):

Where, from (6"): (s "
Aa 4 =p,?
i?! i k’"2
= ————eli O
Ayy % S7= P e (30)
For equation (20) we calculate, usin%5(29))and (30)
8y Ay — Pt
%, kot iy

and, using (25):

-t (32)
2., 1 Yi-p

where N of (31) 4is used.

The end results are:
- for the second stage: equation (26') with (27)
- for the third stage: equation (28) with (31) and (32).

A A T il o S

By representing the transfer functions of a transmission
line and the source network in terms of the complex variable g,
an accurate rational approximation can be determined., Thus,
transient volteges can be calculated from closed form expressions.

Simple and accurate algorithm for direct calculation of maximal
overvoltages due line energization has been developed. Important
computational advantages result from the fact that the method gives
the maximized overvoltage directly without a large number of simu-
lations has to be performed.
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Appendix 1: Cslculation of scalar transfer function:

T —— - — — — - R Y - B W A WS PN YN S e i e i S et A S N - -

Let V: denote a vector of line volteges, and I a vector of
line currents. Then the following matrix equations can be written
in the g-domain:

I-= Y1ine(s)' Viine (4.1)
1= Ysource(s)' Vsource (4.2)
v (4.3)

switch = 'source ~ 'line
Equationg(A,1l) relate the line currents to the sending end voltage
if the receiving end 1s open. Equationg(A.2) relate the source
currents to source terminal voltages; with the Thevenin voltage
being -removed and placed between the switch poles. Equations(A.3)
repregent voltage relations at the switch poles. From the last
equations only those (n) are ugsed where the poles are closed in
the switch voltage ig either zero or equal to the single compen-
comp. For the poles which are still open we set
the currents equal to zero. Thus the number of equations is (6+4n)
(1), I{n)., Con-
and,

sating voltage V

with (7+n) variables: vline(3), vsource(3), vcomp

sequently one can calculate vline and I in terms of Vcomp.
with these expregsions the receiving end voltages VR can also be
obtained in terms of Vcomp. Thus there are n-basic calculations
of H(s) to be performed (for n = 1, n=2 and n=3). The actual
number is larger becsuse of cloging switch can be on any of the
three phases a,b or ¢ and there are several outputs as shown

in Fig. l_b.

The sine-and cos-components of the compensating voltage,
applied at to = 0, are:

ug = -e;, = -sin wt (A.41)
u, = -e;, = ~-cog wt (A.4")
Comparing equations (A.4') and (4) we obtain:
- 1 = s
al_—?j-—, &2— j (A-5')
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1~ Jw y o = =Jw (4.5")

Consequently xk of (5) contains in complex form a single forced
oscillatory response to the sine-input u of (A.4') with the same
frequency w, and an attenueting response with the complex neutral
frequency P =Xy + ] Pk‘

This remark serves only for interpreting regults which are obta-
ined by the computer in complex form,

A ek T e e e e e e e i e, e s e e . e i e e B e e e s e e it s . e . . T s

The second pole cloges at to = t2. All compensating complex
output frequencies due to the closure of the first pole together
with the jw of the source voltage are now renamed 1 and the
coefficients of the exponential functions are renamed 8y e The
responses obtained using equations (4) to (8) will have & forced
part with complex frequencies‘ﬁi and a natural part with the
natural frequencies Py of the circuit being switched.

Only the natural response is function of the cloging time t2,

which appears in the exponent in each term of coefficient Ak’ given
in equation (6"). This is reflected in equation (16) where t, is
present only through the coefficient of the new natural frequencies
Py (of this stage of switching). However, these terms become in-
puts in the next switching operations.

Appendix 4: Voltages resulting from closing the third pole:

At M e ek e e et e e B, i e s e s e, e 0] B e . e . e e e e e i e i e

The third pole closmes at to = t3. Again all results of the
previous step, which now-become inputs, are renamed denoting byﬁi
the complex frequencies and a; the input coefficient as required
by equation (4). However, now, those coefficients ay which re-
sult from the natural frequencies. The previous switching are
functions of t2. The new parasmeter t3 will appear in the exponent
in each term of the coefficients Ak of the new natural frequencies
S Thus, in equation (6") ay will contain t2 in exponential form
and t3 will appear in the exponent replacing to‘ These remarks
should serve as guidance for the evaluation of partial derivatives
with respect to t2 and t3 needed in the optimization process.
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