Modelling of Transient Currents in
Transmission Lines with Phase Delay and
Inductances

Carlos F. Alastruey (1) and Manuel De la Sen (2)

Abstract-- In this paper, a method is proposed in order to
analyze transient currents in three-phase transmission lines
subject to phase shift and inducting loads. The procedure uses
a mathematical dynamical model to describe the system,
consisting in an homogeneous multidimensional differential
equation containing an inner (i.e., in the state) point delay..

Index terms-- Time-Delay System; Phase-Shift; Delay
Differential Equation (DDE); Nonlinear Transmission Line.

I. INTRODUCTION

The analysis of electric signals in transmission lines loaded
by nonlinear elements has received increasing interest during
the last decade. In many applications, the signal distortion
provoked by lossy lines and skin effect constitutes an
important problem; thus, many authors have addressed
analytical descriptions for the dynamic behaviour of lossy
transmission lines with nonlinear elements. Those
descriptions can be classified in two main cathegories: the so-
called «all-numerical» approaches [1] (leading sometimes to
a poor insight of the transient process), and mixed
approaches (which involve a frequency domain description
for the linear elements of the system, as well as characteristic
equations in the time domain for the nonlinear elements). For
an excellent critical review of the most outstanding mixed
methods available, see [2]. An improved mixed method has
been recently developed in [3]. Transient simulation using
mixed methods has been provided in [11].

Within the above mentioned first cathegory, many authors
have dealt with the method of characteristics [4] [5] [6]. In
[7], the reader will find a very useful and clarifying work on
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the uniqueness properties for solutions of transmission lines
in the presence of nonlinear resistors. Some further properties
of the dynamic behaviour in the presence of nonlinear
resistors can be found in [8] and [9]. In these mentioned
works, however, the transmission line is supposed to be
linear, and nonlinearities are assumed to be found in the
loads, exclusively.

Nonlinear distortion of the transmitted signals in a line is a
reported physical phenomenon [10]. The introduction of
phase delay in an electric current can be modelled by using
an amplifier and a phase shift with line impedances
consisting in linear resistors, as in the equivalent electric
circuit for the Minorsky problem ([13], and a linear
inductance as a general load for the circuit.

The differential equation governing the electric current in
that circuit in the homogeneous case, according to [15], is
given by

L%+(R+Ro)i(t)+}tRoi(t—h) =0 (1)

which is a delayed differential equation (DDE) with delay
h>0. This kind of equations is quite common when modelling
precisely propagation phenomena of electric nature,
including transmission lines. See, for instance, [16] [17].

This note uses a delayed time-domain model of the
transmission line in order to take into account the phase
distortion in the transmitted current (Section II). After that, a
simple mathematical method is developed in order to
describe exactly the transients for coupled three-phase
transmission lines when the load is supposed to be a pure
inductance (Section III). Section IV shows some simulation
results.

II. MODEL FOR THE TRANSMISSION LINE

According to the model suggested in the previous section, a
time-delayed three phase circuit is proposed in order to



model a three phase transmission line with phase distortion
and inducting loads.

Due to the inducting nature of the load, it is convenient to
take into account mutual inductance phenomena produced in
the other phases by the electric current along a phase. It is
assumed that the first derivative of i1 is augmented by a term

o, (i, (1) +15(1)) )

with o, relatively small, and [&,] =R L. Similarly for the
other currents. Define the following quantities:

1
Zl = _Z(Rl +R0);

1
Z, :_Z(Rz +R0);

) (3)
Z, :_Z(Rs +R0);
Z, __/1R0

L

Taking into account equations (2) and (3), the following
delay differential equation is obtained as a dynamic model in
the time domain for the three phase line:
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Equation (4) describes an invariant linear system with a point
delay in its state. For the sake of simplicity, define

a, oy Z )
Zi 0 0 I )
D=0 Z, 0 [()=]i()
0 0 Z, I )

Therefore, for null interval initial conditions (i.e., I(t) = 0, t <
0) and punctual initial conditions

,(0)
1(0)=1, =|1,(0) (6)

;(0)

then one obtains the following homogeneous and invariant
linear system with a point delay in its state:

I(ty=D,I(t)+ DI(t—h) (7)

III. EXACT SOLUTION OF THE HOMOGENEOUS
CASE

Homogeneous initial conditions for the currents along the
line have been assumed. This approach is not unusual in the
field (see [9], Section III).

3)

In many works, several formulae for solving delayed integro-
differential systems have been provided. The most general of
such results can be seen in [12]. However none of the exact
proposed solutions of general nature is explicit. This fact
implies that the exact solutions always include a subsidiary
delayed differential equation that is not directly solvable to
compute the fundamental matrix [12] [13].

For t such that 0 <t < h system (7) is reduced to the non-
delayed system [ (t)=D,I(¢) with initial condition (6)
which can be solved as an ordinary differential equation.
Suppose that ¢,(t) is the solution for such a case. In
addition, note that for t such that h <t < 2h Eq. (7) becomes

) 4)
i()= DI+ Dt ~h)  ®

Again it could be possible to solve (8) as an ordinary
differential equation with a known forcing term, and find an
exact explicit solution ¢, (t) of I(t) for t such that h <t < 2h.
By following succesively this simple method it would be
possible to find the exact explicit solution for any interval.
The problem then is to find a general formula for the n-th
time interval of t, (n-1)h <t < nh . This is an extension of the
so-called method of steps [14].

In order to describe system (7) in an analytic way, an exact
solution will be computed for each tim&interval according to
the following result.

Theorem (main result). Consider system (7). An exact
explicit unique solution for that system on [0, ), subject to
null interval initial conditions (i.e., I(t) = 0, t < 0) and
punctual initial conditions (6), provided that the matrices of
the pair (D,, e ") commute, is built in closed form by
using truncated functions as follows



Q) = f“;}sﬁ ()allt>0 (%)
i=1

where ¢, (£) = (U(@)=U(t - h))e™ I, (9b)
b () = (U@ == 1)h)-U(t —ih))
o E+Z (t — kh) H(De% j I,

being U(t) the unity step function at t = 0, and E the identity
matrix.

For the proof, see the Appendix.

Remark: Note that this result is relevant to system (7).
Matrix D1 is diagonal, and therefore it commutes with

e_DOh, provided that Z, has the same value for each one of

the three phases in the transmission line, which is an
assumption explicitly made in Eq. (4), being this one the
condition for the applicability of the theorem. The
commutativity holds, in particular, if the load is symmetric
with identical passive elements.

IV. SIMULATION RESULTS

Simulation results by using expression (9) have been
obtained by using Mathematica software with the following

standard parameter values: L = 1H, R R1 = 2K, R,=20K,
%= 0.01, 1(0) = (20, 20, 0), h = 0.001, 0L, = OL,= 0L;= -
1000, which implies Z, +Z, +Z,= -22000, Z, = -200.

The following figures (1, 2 and 3) show the time evolution of
the three phase currents in the transmission line for t > 0.2ms.
Observe the peaks registered after the passing of 1
milisecond and 2 miliseconds, corresponding to the inner
time delay of the system. Although the third phase has null
initial conditions, a very small effect can be observed in its
evolution due to interconnection with the other two phases
with non zero initial conditions.
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V. CONCLUSIONS

This note has introduced an analytical method to describe
explicitly a kind of delay-differential systems, i. e., three-
phase transmission lines subject to phase shift and inducting
loads. The analytical expression obtained to describe the
transient response of the system is exact, as stated in the main
result, which provides a suitable tool for dealing with this
kind of systems. The method can be extended to cover other
configurations by appropriately rewriting the conditions of
Theorem 1.
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VII. APPENDIX
APPENDIX: Proof of Theorem 1

Proof (By complete induction)

Let us consider first n = 1 . Therefore t is such that 0 <t <h .
Eq. 9 for this case becomes

Q1) = (1) =™, = $,(1) (Ala)
and Eq. 7 becomes
I(t)y=D,I(t), I1(0)=1,

Substitution of (Ala) in (A1b) proves that Q is a solution for
n=1.

Assume now n = 2. Therefore t is such that h <t < 2h. Eq.
(9) for this time interval becomes



Q@) =™ [E+ (@ -n)De™ |1,

D, D, Dyh (Aza)
=e™I,+({t—h)e ™ De ™I,

and Eq. (7) becomes
I(t) = Dol(t) + D1¢1 (t - h) = DOI(Z‘) + Dle(t_h)D‘J]O
(A2b)
Substitution of (A2a) in the left-hand side of (A2b) yields
I(t)=D,e™ 1, +e™D,e™"1,

D Dyh (A3)
+(t—h)Dye™ De ™1,

In turn, substitution of (A2a) in the right-hand side of (A2b)
yields

I(t)=D,e™ 1, +(t —h)D,e™ D,e ™" I,
o (A4)
+De™e™™,

Then (A2a) is a solution for (A2b) - i.e., (A3a) = (A3b) - if
the matrices of the pair (D, ") commute, which is the
case because the first element of the pair is a diagonal matrix.

Now assume that the proposed solution (9) is valid for both

n-2 and n-1, this is, for t such that (n-3)h <t < (n-2)h and
for (n-2)h <t <(n-1)h . Thus

n-3 i

g, ,(t)=e™|E+ Z{(t —ih)' Hl_Dle_DOh} I,
i=1 j=1J

(A3)

is a solution for system (7) for any t such that (n-3)h <t < (n-
2)h, and

n=2 i

$, () =e™| E+ Z{(t - ih)iHl.Dle-Dﬂ”} I,
=l j=1 J

(A6)

is a solution for t such that (n-2)h <t < (n-1)h . In particular,
@, ,(t) satisfies the differential equation (7) for such

interval:

¢n—1 ()= D0¢n—l )+ D1 ¢n—2 (t=h)

Note that, by differentiating () ol (t) in (A5) one obtains

¢5n71 (t) =
| & R | —Dyh
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Substitute (A7) in (A6) to yield

(A3a)

(A3b)

2 i
i(t— ih)f*IHiDIe—Doh I,
1 j=t J

D, ,(t—h)=e™|y

i=
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Ad
The proposed solution (9) for the n—tlg int)erval (n-1)h <t <nh
becomes

Jj=1

Q1) =¢,() =™ | E+ i[(r m»"ﬁ(l)le%ﬂ I,
(A9)

and therefore it must be demonstrated that (A9) satisfies the
differential equation as follows

$,(t) = Do, )+ Dy, (t— ) A

Rewrite the right-hand side of (A10) as

(A10)
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By substracting and adding the left-hand and the right-hand
sides of identity (A8) to (All), taking into account the

commutativity of the matrices of the pair (D,,e™"), and
taking derivatives in (A9), then one obtains the next chain of

identities
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and hence Eq. (9) satisfies (7) for any positive integer n.

Note that a sufficient (but not necessary) condition for satisfying that
the matrices of the pair (D;,e™"") commute is that D1 and Do

commute, which can be checked by expanding exp(-Doh) in powers
of Do.

VIII. REFERENCES

[11 A.R. Djordjevic, T.K. Sarkar, and R.F. Harrington, «Time-domain
response of multiconductor transmission lines,» IEEE Proc., vol. 75, pp. 743-
764, June 1987.



[2] 1. Maio, S. Pignari, and F. Canavero, «Influence of the Line
Characterization on the Transient Analysis of Nonlinearly Loaded Lossy
Transmission Lines,» IEEE Trans. Circuits and Systems-I: Fundamental
Theory and Applications, vol. 41, No. 3, pp. 197-209, March 1994.

[3] H. Braunisch, and H. Grabinski, «Time-Domain Simulation of Large
Lossy Interconnect Systems on Conducting Substrates,» IEEE Trans. Circuits
and Systems-I: Fundamental Theory and Applications, vol. 45, No. 9, pp.
909-918, September 1998.

[4] J.-F. Mao, O. Wing, and F.-Y. Chang, «Transmission Line Synthesis by
the Method of Characteristics,» IEEE Trans. Circuits and Systems-I:
Fundamental Theory and Applications, vol. 43, No. 6, pp. 461-468, June
1996.

[5] R. Gupta, L.T. Pileggi, «Modelling Lossy Transmission Lines Using the
Method of Characteristics,» IEEE Trans. Circuits and Systems-I:
Fundamental Theory and Applications, vol. 43, No. 7, pp. 580-582, July
1996.

[6] J.-F. Mao, and E.S. Kuh, «Fast Simulation and Sensitivity Analysis of
Lossy Transmission Lines by the Method of Characteristics,» IEEE Trans.
Circuits and Systems-I: Fundamental Theory and Applications, vol. 44, No.
S, pp- 391-401, May 1997.

[7] G. Miano, «Uniqueness of Solution for Linear Transmission Lines with
Nonlinear Terminal Resistors,» IEEE Trans. Circuits and Systems-I:
Fundamental Theory and Applications, vol. 44, No. 7, pp. 569-582, July
1997.

[8] M. Akke, and J. T. Thorp, «Some Improvements in the Three-Phase
Differential Equation Algorithm for Fast Transmission Line Protection,»
IEEE Trans. Power Delivery, vol. 13, No. 1, pp. 66-72, January 1998.

[9]1 A. Maffucci, and G. Miano, «On the Dynamic Equations of Linear
Multiconductor Transmission Lines with Terminal Nonlinear Multiport
Resistors,» IEEE Trans. Circuits and Systems-I: Fundamental Theory and
Applications, vol. 45, No. 8, pp. 812-829, August 1998.

[10] E.A. Jackson, «Perspectives of Nonlinear Dynamics,» Cambridge
University Press, New York, 1991.

[11] E.C. Chang, and S.-M. Kang, «Transient Simulation of Lossy Coupled
Transmission Lines Using Iterative Linear Least Square Fitting and
Piecewise Recursive Convolution,» IEEE Trans. Circuits and Systems-I:
Fundamental Theory and Applications, vol. 43, No. 11, pp. 923-932,
November 1996.

[12] M. De la Sen; Fundamental properties of linear control systems with
after-effect-I; Mathl. Comput. Modelling; Vol. 10, No. 7; pp. 473-489; 1988.

[13] T.A. Burton; Stability and Periodic Solutions of Ordinary and
Functional Differential Equations; Academic Press, New York; 1985.

[14] J.K. Hale; Theory of Functional Differential Equations; Springer
Verlag; New York; 1977.

[15] M. De la Sen, and C.F. Alastruey, «Kalman Bucy Filtering for
Stochastic Volterra Models,» Int. J. Systems Science, 1995.

[16] A. Bellen, N. Guglielmi, and A.E. Ruehli, «Methods for Linear Systems
of Circuit Delay Differential Equations of Neutral Type,» IEEE Trans.
Circuits and Systems-I: Fundamental Theory and Applications, vol. 46, No.
1, January 1999.

[17] R.K. Bryton, «Small Signal Stability Criterion for Networks Containing
Lossless Transmission Lines,» IBM J. Res. Develop., Vol. 12, pp. 431-440,
1968.



	Conference Program
	Author Index
	Main Menu

