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ABSTRACT

Aims: The paper presents a model of the power line and the equivalent scheme for the simulation
of the transient processes. Many constructions of conductive lines are such that mutual parameters
(inductance, capacitance) are the same for any pair of phases, and the phase parameters
themselves are approximately the same for all three phases. Therefore, the approximation of three-
phase conductors with symmetric single-phase conductors is justified. A special way in which the
power lines are considered is a method called a sequence model of three-phase line.

Methodology: Techniques used in this paper are based on analytic methods and the formation of
algorithms. Modeling and simulation are processes that are necessary for testing faults in measuring
transformers in relay protection (current/voltage) when they are very remote and electrically
connected by cables. The first step in problem-solving was to define the theoretical model for
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estimation of the impact of variable parameters on the transmission of electric energy. Further step
represented in the paper is simulation of transient processes on different lengths of the power lines
when modeling lines and cables, one starts from the fact that parameters differ in certain parts, in
lengths, i.e. that the parameters are variable in length, which results in change of longitudinal
parameters of basic quadripoles in equivalent schemes.

Conclusion: The specificity of the model is that the initial conditions matrix is determined depending
on the condition at the beginning of the line and load in equivalent scheme and arises from the idle
time or short circuit at the output of the quadripoles. The solution for transient state with the
application of quadripole in the equivalent scheme is obtained by matrix procedure using equivalent

schemes and by simulation method in the MATLAB program.

Keywords: Simulation; model; transient processes; quadripole, cable.

1. INTRODUCTION

Dealing with the problem of transient processes
in cables is not a new phenomenon. A lot of
research has been conducted in this field and
many papers have been dealing with this subject
[1-3].

Even in the last century, the problem of phase
parameters of inductance and capacitance of
conductive structures in the power line was dealt
with by Kvasnica [3], who suggested that this
problem should be accessed from the computer
standpoint, because he came to the conclusion
that much faster and simpler solutions were
obtained (although we must admit that in that
period, computer technology was not as
developed as today).

From the theory of electric circuits, it is known
that is possible to find quadripole that is
described by equal equations (there is no a
single circuit of a quadripole). From a variety of
equivalent circuits, particularly popular among
electric power engineers, are 1 and T equivalent
circuits. The currents at the end of the cable are
the functions of line terminal voltages in terms of
parameters of cables with constants that
correspond to parameters of 1 and T equivalent

circuits with elements A,B,C,D [4,5].

Z source I rdx  ldx rdx
—

U1
u

source

Z,=> Z,=> gadx

ldx rdx ldx

Cable represents a conductor with distributed
parameters. When presenting cable as an
element with concentrated parameters,
according to selected method, the wave
character of electric energy transmission along
the cable length must be taken into account. It
the parts of the cable are of different length, and
parameters of equivalent length schemes are not
equal, then the scheme contains non-
homogenous elements of quadripole. Equivalent
cable scheme impacts the regime parameters at
the beginning and at the end of the cable, but
based on the selected method it is possible to
determine voltage, current, the active and
reactive power transmitted by the cable. Based
on elementary characteristics of the cable it is
possible to obtain all basic electric values
necessary for the analysis of exploitation
characteristics as possible transient processes at
different faults.

2. EQUIVALENCE QUADRIPOLES

Cable is equivalented with RLGC parameters of
symmetrical quadripoles according to the
scheme in Fig. 1. The load impedance is known
value, and it is assumed that the values of
distributed parameters of quadripoles are also
known [4,5].

Uy

c,:dd_ cdx |
Zy=> gde gde

Uy

O O0—0O

O
O O

Fig. 1. Equivalent scheme of distributed line parameters from N quadripole that have variable
(a =A) parameters




Voltage and current of N -th quadripole are
calculated through general a (bjk) coefficients:

Un-1=aynUn +annin

(1)
In-1=a2 nUn +a22 nIN

From this equations system the input impedance

of loaded N —th quadripole is:

_annUn tanpniv _ & inUn 7 In)+any
apinUn +aoonin  ayn(Un/In)+axnn
(2)

The input impedance of arbitrary N quadripole is
equal to:

Zo i apn(2Zy)+an N (3)
a1 n(Zn)+an N

If relations (3) are used as recurrent form then
we will have:

_anp(Za)+ans

7, = A12\2)7 92,2
! ay12(Zp)+an

(4)

If the values of voltage/current of voltage or
current source at the input of the line Ug = /g , are

known, the impedance of the source Zy,.o, Z5
Z4 can be determined based on the expression
Uy=1y at the input of cable or based on
expression U, =/, at the output/end of the cable.

Also, the distribution of currents and voltages
along the entire length of the cable / to the load
Z, shall be:

Up =a2,n-1Un_1+a12,n-1n-1 5)

In =as1n4Un_1+a11n-1ln-1

Elements of the T or I model of equivalent
scheme can be calculated according to relation
parameters (5) [2,4,6]. The phase parameters of
inductance and capacitance of conductive
structures in line are approximately determined
by mutual geometric arrangement in the three-
phase ftransmission system and can be
considered constant [3,7]. Active resistance of
conductors is a variable parameter and can be
determined from a known relation:

r :?:;Rzoh+a(ﬁs, —2000)] (6)
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where Ry //[Q/ km] is resistance of conductors

at the temperature of 20°S per unit of length, «
is a temperature coefficient of the phase
conductor resistance (cable cores), 6, is mean

environment temperature-a place where the
cable is installed, / is the length of the phase
conductor of lines.

The active component of the n —th part of the
line is equal to:

Ton = Raon _ iRZO [1 + a(ew —2000)] @)
L1,

where 6, ,is a mean environment temperature

of the place where the n — th part of the cable is
installed, /, is the length of phase conductor of
the line.

3. TRANSIENT PROCESSES IN THE
POWER LINE
Transient processes in line, [2,4], in the

simplest case, can occur when the line is
switched off by breaker at its input (due to the
simple application of MATLAB programme, this
example of the process is considered and
simulated in the continuation of the paper [8].
The switching off of the overground line with
the breaker can be analyzed in the electric
circuit with distributed parameters represented
by T or N scheme as a passive quadripole
[1,9-12].

In the longitudinal part are parameters of active
resistance rdx and inductance /dx and in
transversal part of the line is a parameter of
conductance gdx and capacitance of the line to
earth cdx . At the beginning is the electric source
of the given voltage Uy, , current /g, .o and

self-impedance Z,,c¢ - At the end of the line is
load impedance Z4, Fig. 1.

For selected directions of voltages (u,u - 2—”de
X

and  currents (i,i —ﬂdxj [is,i,,ik,ﬂj

ox ox
according to Kirchhoff's second law, the
equations of the transient process in the line can
be written:
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u—a—vdx—rdxi, —Idx'ﬁ—u:O:—a—u:rJ, +lai
0 ot ox 0 ®)
—ﬂdx—cdxa—v—gdxv:Oz—ﬂ:g~v+cﬂ
ox ot ox ot

Differentiating relation (8) according to the variable x is obtained:

82u 8/, 82i,

- — =—r— 4 [ 1
ox? ox oxot ()
d%i ou  d%u

- = +C

oxot - ox  oxot

Thomson telegrapher’s equations and Laplace-Carson method are used for resolving the transient
processes on line if the boundary conditions and the regime of the line (idle time, short circuit,
grounded output end, etc.) are known. When the line is connected to the source with the sinusoidal
function of the voltage, the general method of transformation from time to complex domain can be
used, and operations can be simplified with the assumption:

u=Uy, (ios(wt + x//)—: UmRe{ej‘””"’ }: Re {Umej”’tej"’ }: Re {Umej“’t} (10)
u:Re{Um},i:Re{lm}Fm =2 F

The expression J2.F represents the relation between the maximum and effective value. Voltage and
current at an arbitrary point x on the power line are differentiated by variable x,t:

ou dU _jot| ou il - eJot iU
& \/ERe{Eejw }E = V2R, {ja)U-ef“’ }: \/ERe{ja)U}

(1)
ot

di dl it | Gi e it =
e \/ERe{aefW } = -\2R, {ja)/ el }= V2R, {ja)/}

By applying this transformation (to ease the writing) with omission of phasor designation, and by
introducing the shift p = jo the equation system reduces to:

du . 1 dU __dl 1 d%U

= =(r+jol )y =l=-——— L= —

dx r+jolg dx  dx r+plg dx (12)
dl .

- = + .c)-U

ax (g +jow-c)

By solving the equations (12) the following is obtained:

1 ]d?U 1 d2U J2U
ol e —5 ol =0 13
L*P/J dx? (g+pel= r+ply ax2 (9+pclU= a2 (r+plg)(g + pclu (13)

The complex propagation constant of voltage or current wave on the line is ﬁz :(r+ple)(g+pc).
D’Alambert’s equation defines the expansion of harmonic waves:

a’u

pPU=0, U=Ae +Be ™ (14)
dx?
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Relation (14) determines the values of voltages at any point at the distance x from the input end

au :ﬁ’(Aeﬁx —Be_ﬂx) and by substituting in relation (14), the required value of the current on the

dx
power line is obtained:

//={ 1 }duz{ 1 :|ﬂ(Ae/i’x_Be—/i’x)

r+plg dx r+plg

I = —%ple (Aeﬂ" - Be—ﬂ")= —# (Aeﬂx - Be—ﬁx) (15)
\/ g+ pc

Jr+p/e J(r+p/e)l JR+pLe
Zyt = = =
g+pc (g+pc)l G+pC

where Z,,1 is wave impedance and depends on the line parameters, and voltage and current depend
on boundary conditions in relation to the beginning or end of the power line. LetU(x-q) = U, /(x=0) = /1
Then, according to relations (14) and (15):

Ui=A+B, /1=—ZL(A_B) (16)

wT
where the values of constants are A = %(U1 ~1Zy7)iB= %(U1 +14Z,7) -
At an arbitrary distance x that is, at the part from the beginning, the voltage is:
1 ﬂ.x 1 _ﬂ.x
Ux = E(U1 ~iZut)-© +§(U1 +hZyr)-€
~hZwr
At the output end x =/ of the power line, the voltage is:

2wt (18)

e
U=y =Uz =U4 5

If the values of constants A and B are replaced in relation (15), the general expression for current is:

1 1 1 _
Iy = _Zb(w ~1hZyr)- €™ _E(U1 +hZyr)-e ﬂx}
w
Uy e —e X ofX e/ 1o
I, =——— +1y
Zur 2 2

At the output end of the winding x =/ the complex value of the current is:

B _ oA A _g=A
Uy e -e ol e” —e (20)
Zut 2

ey =1l =—

Equations can be converted to the form with hyperbolic functions, and then:
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. Uy .
Uy =Uqcosh px —14Z,1 sinh px, I, =1, cosh px — Z—smh px (21)
wT

At the output end of the winding x =/ the complex values of voltages and currents are:

Uy_y =Us =Uqcoshp-1-11Z,rsinhp-1, I,_; =1, =1 cosh/?~l—ZU—1sinh/3~l (22)
wT

Parameters of T or 1 scheme can be determined based on relations (21) and (22), Fig. 2.

Fig. 2. Possible schemes of quadripole: a) T scheme, b) I1 scheme [9]
Quadripole with z — parameters is described by the system of equations and matrix:

Ut =z44l + 212l U4

Us

I
I>

211212
221222

(23)

Us = zpqly +z201

Input and output voltage U, and U, are dependent, and input and output current /;and I, are

independent variables. z — parameters are called open-circuit impedance parameters because they
are determined as the ratio of voltage and current at the open output /, =0 orinput /1 =0:

Uy Uy U, Uy
Z11=—|1r20 s Z12 =—|11=0 Z91=—"5|1r—0 , Zo9 =—5||,— 24
1= 112=0» Z12 =7 Hin=0 221 =7 Hi5-0.» 222 =7 F|11=0 (24)

By applying Kirchhoff's second law to two contours, which include parameter Z3, the following is
obtained:

U1 = Z1l1 + Z3 (/1 + 12)2 (Z1 + Zg )I»] + 23/2

(25)

Up = Zolp + Z3(Ily +12) = Z3ly +(Z2 + Z3 )12
After arranging in matrix form, the following is obtained:

U Z1 + Z3 Z /

U1 — 5 3 I1 (26)

2 3 22 + Z3 2
where z — are parameters defined by the minor of the matrix:
Z1 + Z3 Z
3
lzl=| , 27)
3 22 + Z3
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Quadripole can be described by y parameters: input and output voltage U4 and U, are
independent, and input and output currents /4 and I, are dependent variables and by matrix form:

I1=y11Uq + y12U> I1=y11Uq + y12U2

Io = y21Uq + y2oUs

5 = y21Uq +y2oU>

(28)

y parameters are admittance parameters of closed circuit and can be determined from the relation of

current and voltage at short-circuited output U, =0 orinput U =0:

_h _h _l2 _l2
Y= Vo=0, Y12 = V4=0, Y21 = Vp=0, Y22 = V4=0
U1 us U2 us

! (29)

By applying Kirchhoff’s first law on two nodes, the following is obtained:

It = YaUs + Yp(Us = Ug) = (Ya + Yp s - YpUs
Iy =YeUp + YUz = Uq) = =YpUyq +(Yp + Y, U2

After arranging in matrix form, the following is obtained:

Ya + Yb _yb
M-~

Yb +YC

In this way, the matrix of output variables
|2{U.In}] of the last one in the N quadripole

sequence with engaged load Z,; can be

determined from the initial conditions || z{U, 1] -

4. SIMULATION AND ANALYSIS OF
TRANSIENT PROCESS

For alternating current power lines, an algorithm
for calculation at the beginning and the end of
the cable (equivalent scheme) has been
designed, which is based on the recurrence form
of variable parameters of quadripole. As the
result of the analysis, the power line model with
concentrated parameters has been compiled,
where the transient process in conductor cable
was modeled. In serial branches of quadripole
are inductances and active resistances; while in
transversal branches are capacitances and
conductance. Due to the fact that they have great
losses, this parameter has larger impact on
transient process.

Developed model for the simulation of single-
phase line is equivalent to the three-phase line,
in transient state conditions. The models are
developed with quadripole parameters or
alternatively through characteristic impedances,
expansion constant and the length of the line in

(31)

the transient state conditions and represented by
equivalent circuits. This approach is more
interesting because engineers recognize the
electric circuits. Since the three-phase line can
be considered with three single-phase lines by
symmetric transformation of components, it is
possible to simulate three-phase lines through
three single-phase lines.

For the analysis of transient process on the
power line, the adapted part of the package
Three-phase Line: Single phase energization of a
three-phase line and scheme of the model that
contains a block source with given unit values of
the voltage: V(p.u), 50 Hz, Block Breaker 1 and
2, power line block with distributed parameters
and power line presented by [I1 equivalent
scheme with constant parameters of the lengths.

Below is information regarding the source of
parameters of inductance, capacitance and
resistance:

Inductances at the length unit
[H/km, matrix N*N or
4.1264e-3]

Capacitances at the length unit

[F/km, matrix N*N or [C1, COJ: [12.74e-9 7.751e-
9

[L1, LOJ: [0.9337e-3
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Resistances at the length unit
[Q/km, matrix N*N or [R1, R0] : [4.23e-3 128.2e-3]

The process was analyzed for two examples:

1. Compact power line of total length el: [km]:
100,
2. Powerline with 3 lengths 3*/: [km]: 3*33.3.

The parameters of active resistance for three
lengths in were varied in values:

For the length, /1:

Resistances at the length unit [Q/km, matrix N*N
or [R1, RO] : [4.23e-3 128.2e-3]

For the length, 12:

Resistances at the length unit [Q/km, matrix N*N
or [R1, R0O] : [3.18e-3 96.4e-3]

For the length, 13:

Resistances at the length unit [Q/km, matrix N*N
or [R1, RO]: [2.546e-3 77.3e-3]

5. RESULTS AND DISCUSSION

Fig. 3 represents a simulation scheme of
transient processes on the power line of 100 [km]
in length, while Fig. 4 represents a simulation
scheme of transient processes on the power line
of 3*33.3 [km] in length. The initialization of
simulation activates the adapted part of MATLAB
Single phase energization of a three-phase line
with selected parameter of cables, where the
following voltage changes were observed:
subassembly S.{where the voltage flow is U,

and subassembly S;,where the voltage flow is
Ug.

/}_._..’ —
< 2 2
Breakerl .3

= MRims 991 ——
< 3

Va 992
1 pu 100 km
Distributed Parameters Line

i

—pa A

_
<}l—»leLT
z source Breaker2 o3

.y < wc c
1 pu 994 Section 1

2 pi section 100km line

o » Y — L 2B 4 . Z
> —_— ——
< — » o 5 i —
zsource Breakeri 9;% po—F— > .
(‘-‘ F . 3 3 »- 3 a - Py 3 :V_;-
e 992 — _’_{;gz
Tpu 333 km 333 km 333 km 5

Distributed Parameters Line1 Distributed Parameters Line2 Distributed Parameters Line3

82 P A A P 4 A
Breaker2 <:] g g gy M P el =

z source 2 o093
Va1 < —®»c c P C c P C c
1pu 984 Section 2 Section 3 Section 1

l 3 pi section 3x33km line

Fig. 4. Simulation scheme of transient process on the power line with the lengths 3*33.3 [km]



PSB block library acts as a connection between
the electrical signals (voltages of elements and
current passing through the cables) and Simulink
blocks (transfer function) and vice versa,
respectively. Prior to the calculation, the system
is excited; the spatial model of electric circuit
condition and equivalent Simulink system are
calculated. The calculation is analogous to the
above-mentioned calculation process in the
MATLAB Simulink Power System Program.

Based on given schemes, the wave diagrams of
voltages of phases Aand B were recorded, with
different lengths of the power line, Fig. 5 and Fig.
6.

By observing and analyzing the voltage diagrams
referring to the power line of compact length, Fig.

L& dist, Ua_pi, 1 digtance 100 km

0.02 0.04 006 0.08
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5 and diagrams referring to compact powerline
divided into 3 lengths, Fig. 6, it is possible to see
the important differences in the diagram of
voltage flow U, and Upg at the beginning of

transient process (in the first period which is very
important for the operation of protection devices).
The difference is reflected in the fact that higher
harmonics are present in phase B .

MATLAB Simulink programmes quite accurately
simulate transient processes on cables for the
transmission of energy and cables for relay
protection, but self-development of both model
and program has particular advantages such as
detailed insight into all components of the model
and program and the introduction of various
changes that would otherwise not be included
into available programme packages.

woe 100km

LB_dist. UB_pi. 1 dis

0.04 .06

Fig. 5. Voltage of phase A and B in transient process during the switching off at the end of
the compact power line 100 [km] (yellow color: voltage based on T scheme with distributed
parameters, pink color: voltage based on 1 scheme)

0.02 0.04 0.08 nog

Time cffzet; 0

Fig. 6. Voltage of phase A and B in transient process during the switching off at the end of
the compact powerline 3*33.3 [km] (yellow color: voltage based on T scheme with distributed
parameters, pink color: voltage based on 1 scheme)



6. CONCLUSION

The specificity of all solutions is that initial
conditions matrix |z{U,/4}] is determined in two

ways: independently of the conditions on all parts
of the load line and depending on the type of
equivalent scheme and conditions for load
connected to the last N quadripole in the
sequence. This specificity is confirmed by the
voltage diagrams in the simulation in MATLAB
programme package. The analyzed method for
modeling of transient process on the power line
and verification in adapted MATLAB package
provide simple determination of the impact of
variable parameters on the power transmission.
Measurement results are obtained which along
the power line are transmitted to the relay
protection or some other part of local automatics.
The simple knowledge of theory of quadripoles
and transient processes was used for the
obtaining of the model and the existing part of
the software in MATLAB Simulink Power System
was adapted for simulation.
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