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Abstract. The main objectives of this study were to develop and comparatively analyze methods for
digital modeling of dynamic processes in electrical power transmission lines with distributed parame-
ters, as well as to evaluate the accuracy of simplified lumped parameter models against full models.
The research aims to overcome limitations of simplified equivalent circuits that may lead to significant
errors when analyzing transient conditions, system stability, and emergency situations. To achieve
these objectives, the following tasks were accomplished: mathematical models of long lines were de-
veloped using operational methods based on Laplace and z-transforms; transfer functions in z-form
were obtained for homogeneous lines without distortions and with distortions under different load
types (matched and mismatched); for comparison, a simplified lumped parameter power line model
was developed; computer simulation of transient responses was performed; and comparative analysis
of results was conducted with calculation of absolute and relative errors. The most important results
include the identification of significant discrepancies in time delays and amplitudes of transient pro-
cesses between models; detection of maximum absolute errors reaching 0.45 for matched load and
0.03 for mismatched load; and determination of conditions where the simplified model adequately de-
scribes the system. The significance of the obtained results lies in their ability to improve the accuracy
of transient process analysis in power systems, provide selection of optimal modeling methods for
specific engineering tasks, prevent errors in the design of relay protection and automation devices
caused by inadequacy of simplified models, and establish foundations for developing more reliable
algorithms for digital protection of power equipment.
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imbunitﬁ‘girea preciziei analizei proceselor tranzitorii in sisteme energetice complexe utilizind metoda de
transformare Z
Silin A.N., Silin A.A., Dikarev P.V., Ngo D.T.
Volgograd State Technical University, VVolgograd, Federatia Rusa

Rezumat. Principalele obiective ale acestui studiu au fost dezvoltarea si analiza comparativa a metodelor de
simulare digitald a proceselor dinamice in liniile electrice de transport al energiei electrice cu parametri
distribuiti, precum si evaluarea preciziei modelelor simplificate cu parametri agregati in raport cu modelele
complete. Cercetarea isi propune sa depaseasca limitarile circuitelor echivalente simplificate care pot duce la
erori semnificative la analiza conditiilor tranzitorii, a stabilitatii sistemului si a situatiilor de urgenta. Pentru a
atinge aceste obiective, au fost indeplinite urmatoarele sarcini: au fost dezvoltate modele matematice ale liniilor
lungi folosind metode operationale bazate pe transformari Laplace si z; au fost obtinute functii de transfer in
forma z pentru linii omogene fara distorsiuni si cu distorsiuni sub diferite tipuri de sarcind (adaptate si
neadaptate); pentru comparatie, a fost dezvoltat un model simplificat al liniei electrice cu parametri agregati; a
fost efectuata o simulare pe calculator a raspunsurilor tranzitorii; a fost efectuatd o analiza comparativa a
rezultatelor cu calcularea erorilor absolute si relative. Cele mai importante rezultate includ: identificarea
discrepantelor semnificative in intarzierile de timp si amplitudinile proceselor tranzitorii intre modele; detectarea
erorilor absolute maxime care ating 0.45 pentru sarcina adaptata si 0.03 pentru sarcina neadaptatd; determinarea
conditiilor in care modelul simplificat descrie in mod adecvat sistemul. Semnificatia rezultatelor obtinute consta
in capacitatea lor de a imbunatiti precizia analizei proceselor tranzitorii in sistemele energetice, de a oferi
selectia metodelor optime de modelare pentru sarcini ingineresti specifice, de a preveni erorile in proiectarea
dispozitivelor de protectie si automatizare cu relee cauzate de inadecvarea modelelor simplificate si de a stabili
bazele pentru dezvoltarea de algoritmi mai fiabili pentru protectia digitala a echipamentelor energetice.
Cuvinte-cheie: retea inteligenta, procese tranzitorii, functie de transfer, impedantd de unda, circuit echivalent,
algoritmi recurenti, protectie cu relee, stabilitatea sistemului, transformata z, model de simulare.
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IloBbINIEHNE TOYHOCTH AHAJIM3A NEPEXOAHBIX NPOLECCOB B CJ0KHBIX JHEPrOCHCTEMAaX ¢ HCIOJIb30BaAHHEM
MeTo/a Z-NIpeodpa3oBaHus
Muaun A. H., Iuaun A. A., {uxapes I1.B., Hro /I.T.

Bonrorpanckuil rocyjapcTBEHHBIN TEXHUYECKUN YHUBepeuTeT, Boarorpan, Poccuiickas @enepanus
Annomayun. OCHOBHBIC LIETH UCCIEAOBAaHMS 3aKII0YAINCh B Pa3pabOTKe U CPAaBHUTEIHHOM aHAIN3€ METOMOB
(pPOBOro MOJENUPOBAaHUS JWHAMHYECKHX IPOLECCOB B JIMHUAX JJIEKTPOIIEpEadyd C pacrpeie’eHHbIMU
napaMeTpaMH, a TaKKe B OIIGHKE TOYHOCTH YIPOIIEHHBIX MOJENEH C COCPEJOTOYEHHBIMH IapaMeTpaMu IO
CPaBHEHMIO C MOJIHBIMH MOJENAMH. MccnenoBaHrue HanmpaBICHO HAa NPEOJOJICHHE OTPAHMYEHHN yHPOIIEHHBIX
CXEM 3aMEIIEHHs, KOTOPBIE MOTYT IPHBOAWUTH K 3HAYUTEIBHBIM MOTPEHIHOCTSAM IPH aHAJIN3€ IEPEXOIHBIX
PEKUMOB, YCTOHYHMBOCTH CHCTEMBl W aBapHMMHBIX CHUTYari. [ MOCTIDKEHHSI MOCTAaBICHHBIX IeNedl Opum
pELICHBI CIEYONINE 3a1a4i: pa3paboTaHbl MATEMAaTHIECKUE MOJICNN JUTMHHON JTMHUH Ha OCHOBE OIIEPAaTOPHOTO
METOJla C HCIIONb30BaHMEM IpeoOpaszoBanni Jlammaca m z-mpeoOpa3oBaHMS, YTO IIO3BOJMIO TEPEHTH OT
HETNPEPHIBHBIX NEPEAaTOUYHBIX (YHKIUH K AUCKPETHBIM; IOJIy4YeHbI NepenaTouHble (GyHKUUH B z-hopMme A
OJTHOPOJHBIX JIMHUI 0€3 MCKaKEHWI M ¢ UCKAKCHUSMH NPH Pa3IMYHBIX TUMAX Harpy3KH (COTIacOBaHHOW M
HECOTJIACOBaHHOMW); IUIsi CpaBHEHMsl OblIa pa3paboTaHa MOJENb YIPOLIEHHOH JIMHUHU 3JIEKTPONepefaun C
COCPEJOTOUYECHHBIMY IIapaMeTpaMM; IPOBEIECHO KOMIUIEKCHOE KOMIIBIOTEPHOE MOJCIUPOBAHUE IEPEXOIHBIX
XapaKTepUCTUK C UCIOIB30BAHUEM CIELUAIN3UPOBAHHOTIO IPOTPAMMHOT0 00ECIICUEHHs; BBIIIOIHEH IeTaIbHBII
CPaBHHTENbHBIH aHAJIU3 PE3YNbTaTOB C PAcueTOM aOCONIOTHBIX U OTHOCHUTENBHBIX MOTPEUIHOCTEH MEXIy
pasHBIMH THIAaMH Mojeneil. Hambomee BakHBIMH pe3yibTaTaMH SIBISIFOTCS: YCTaHOBIICHHE CYIIECTBEHHBIX
pPacXoXKAECHUII BO BPEMEHHBIX 33J€PKKaX U aMIUIUTYyAaX HEPEXOAHBIX MPOLECCOB MEXKIY MOMAECIAMHU, 4TO
0COOCHHO BBIP2XKEHO B pEXMMax HECOTJIACOBAHHOM HArpy3Kd; BBIIBICHHE MaKCHMAaJIbHOW aOCOIOTHOM
norpemHocTd 10 0.45 s cormacoBaHHOW Harpy3ku u g0 0.03 @it HecoriacoBaHHOH; OmpenelicHHe
KOHKPETHBIX YCIIOBHH, NPU KOTOPBIX YHPOILEHHAas MOJENIb aJEKBATHO OIHKCBHIBAET CHCTEMY. 3HAYUMOCTh
[OJIyYEHHBIX PE3yJIbTaTOB COCTOUT B TOM, YTO OHHM IO3BOJIIIOT CYILIECTBEHHO IOBBICUTh TOYHOCTb AHAIU3a
MEePEXOJHBIX TPOIECCOB B CIIOXKHBIX OHEProcHCTEMax, OOOCHOBAHHO BBIOMpAaTh ONTHMAJIBHBIA METOA
MOJICTIMPOBAHUS JJIsi KOHKPETHBIX MHKEHEPHBIX 3aad, n30eratb KpUTHYECKUX OIIMOOK NMPH MPOEKTUPOBAHUU
YCTPOUCTB peleHOM 3aIliuThl M aBTOMAaTHKH, OOYCIIOBJICHHBIX HEaJeKBAaTHOCTHIO YIPOIIEHHBIX Mojenei, a
TaKKe 3aKJaJbIBAIOT OCHOBY Ui CO3JaHHMs 0Oojiee HAJEXKHBIX AITOPUTMOB LUQPOBOIl  3aIIUTHI
SHEProo0OPYI0BaAHHUSL.

Kniwouegvle cnoea. WHTEIUIEKTyalbHas CETh, INEPEXOJHBIC IIPOIECCH, IepenarodHas (YHKIUS, BOJIHOBOE
COIIPOTHUBIICHHE, YKBUBAJIICHTHAS CXEMa, PEKYPPEHTHBIE allTOPUTMBI, peleiHas 3alllUTa, yCTOMYNBOCTh CUCTEMBI,
Z-nipeoOpa3oBaHue, OMNOKA MOICITUPOBAHMS.

INTRODUCTION However, as shown in a number of studies,
including works [4-7], such models demonstrate
insufficient accuracy when modeling high-
frequency transient processes, which can lead to
incorrect assessments of system stability and the
response time of protective devices. These high-
frequency transients, often filtered out as
undesirable noise in traditional analysis, are
fundamental to travelling-wave-based
phenomena and can be positively utilized for
precise fault location, as shown in [8]. In this
regard, a relevant task is the development and
comparison of digital modeling methods based
on rigorous mathematical approaches that
account for the distributed parameters of PTL.

In modern research, the z-transform and
discretization methods [9, 10] are widely used to
transition from continuous models in the
frequency domain (based on the Laplace
transform) to discrete models suitable for
implementation on digital computing devices.
This approach allows for the effective use of the
computational power of modern systems to

Digital modeling of dynamic modes in power
transmission lines (PTL) is a critically important
tool for the design, analysis, and stability
maintenance of modern electric power systems.

With the increasing complexity of power
grids, the integration of distributed generation,
and the growing requirements for power quality,
accurate forecasting of transient processes
becomes an integral part of control and relays
protection tasks. A particular challenge is posed
by the modeling of long power transmission
lines (LPTL), where disregarding the distributed
nature of parameters (resistance, inductance,
capacitance, and shunt conductance) can lead to
significant errors when analyzing fast-acting
electromagnetic processes such as insulation
breakdown, switching overvoltages, and wave
propagation [1, 2, 3].

Traditionally, to simplify calculations,
lumped-parameter equivalent circuits (I1- or T-
type models) are used, which adequately
describe the system in steady-state modes.
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analyze a circuit's response to arbitrary
excitations. The development of such digital
models, capable of accurately propagating
voltage and current profiles along the line [8]
and accounting for complex frequency-
dependent effects [3], is key to advancing real-
time simulation and protection algorithms.

The task of digitally modeling the dynamic
processes that occur in lines with distributed
parameters is one of the most difficult
undertakings.  Often, to  simplify  the
understanding of the processes occurring in a
power system, electrical equivalent circuits of
power transmission lines are used, which are
applicable for the study of steady-state or quasi-
steady-state modes. Depending on the desired
level of accuracy, these circuits may be
configured in various forms. This simplification,
while greatly facilitating the modeling process,
carries an inherent trade-off: the introduction of
inaccuracies into the dynamic model of the
system [11, 12].

Consequently, these approximations can lead
to incorrect conclusions regarding system
stability and the analysis of emergency modes in
real time. Therefore, for the correct digital
modeling of transient processes, it is critically
important to take into account the fundamental
information of PTL with distributed parameters
[13, 14].

A recommended methodology for the digital
modeling of power transmission lines involves
applying the Laplace or z-transform. The
practical utility of the z-transform, in particular,
stems from the fact that the original function can
be reconstructed by expressing its fractional-
rational image as a Laurent series arranged in
decreasing powers of z. The implementation of
this method is typically carried out using existing
computer mathematics programs, which provides
an effective solution to the given problem [15].

i(x +dx,t) Rodx Lodx i(x,t)
o—p——3—1VN »—O
: God.x[] __CO dxi U.(_)C, t)
i u(x + dx, t) T :
o; 0
i dx I

.

| -+
* L)

Fig.1. Equivalent circuit of an elementary
section of a power transmission line.

where Co -shunt capacitance between the
forward and return conductors; Lo -loop
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inductance of the conductor pair; Ro — series
resistance of the forward and return conductors;
Go —dielectric shunt conductance due to
insulation leakage; dx — infinitesimally small
section of the long line; x — distance from the end
of the line.

The digital modeling of transients in a
homogeneous two-wire long line with distributed
parameters is based on the standard equivalent
circuit representing an infinitesimally small
segment, depicted in Fig. 1 [13, 16].

For a homogeneous long power transmission
line with distributed parameters, its circuit can be
proposed as a four-terminal network, which in
turn is replaced by an equivalent circuit scheme
(equivalent network), as shown in Fig. 2.
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Fig.2. Equivalent network for a long power
transmission line.

In accordance with reference [13], the
expression for the voltage transfer function of a
uniform ladder network was derived.

e”[Z,(p)+Z,(p)l+e " [Z,(p)-Z,/(p)]
e'[Z,(p)+Z,(P)]+e ' [Z,(p)-Z,(p)]

W(p) = (1)

where x - distance from the end of the line; | -
length of the long line; Z(p) - line load
impedance; Zu(p) - wave impedance; y(p) -
propagation coefficient.

_ R, 1Ry

70) =GRy + 3 GoRs 22 R =Co D (3
0

LoGo ~ReCo

=Ap+B (2
GoR, p=Ap+B (2)

By applying the inverse difference method
formula, p=(z—1)/zT, an expression for the
transfer function in the z-variable in a discrete
form was obtained, which allows for determining
the system's response to an external excitation at
the end of the line (x=0):

27,(z)e™' 2"

= 4
(Z,(2) + 2, (2))e*”' 2*" + Z,(2) - Z,,(2) @

W (2)
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where m=CUT,
Z.(2) = 1 Ry (2GRoT +LyGp —RyCo)z - LGy +ReCy
T 2\G, GyR,T2 '

For practical engineering calculations, a
simplified power transmission line (SPTL) with
lumped parameters was examined, where each
phase of this line is represented as a four-
terminal network, which is replaced by a simple
electric circuit. Fig. 3 shows the simplified and
operational equivalent circuit of the line for
calculating transient processes in circuits with
voltages above 35 kV [13, 17, 18]. For lines
shorter than 300 km in length, the equivalent
circuit parameters are defined as follows: R =
Ro', X = Xol, B= Bol, orR= Ro|, L= Lo|, C= Co|

In digital modeling, the excitation of a unit
step impulse at the input of the power
transmission line is assumed, and an active-
inductive load of the long and simplified line
with lumped parameters, which is equal to
Zi(p)=Ri+pL,, is also taken into account.

R X
o — YN o)
Uin - B E et Uout
T3 > T [z
o )
R prL
o — YT o
U L = 2 L Uout (p)
(p)l T »c pCc | “Z’(P)
o )

Fig.3. Equivalent circuit of a power
transmission line with lumped parameters: a)
simplified; b) operational.

A long power transmission line (LPTL)
without distortions and with a matched load was
considered. In a line without distortions, the
wave impedance Zw(z) is a real number. In
expression (4), the matched load at Zi(z) = Zw(2),
which means the load of the line circuit Zi(p) =
Zu(p), for matching the load, requires that L=0,
then Z,(p) = Ri = Zw(p).

The following parameters were utilized as the
subject of the investigation: Ro=38.4-10" ohm/m;
L0=3.93-10" H/m; C¢=5.12-10"*? F/m; G¢=5-10"*
S/m; x=0; 1=140955 m; 7=0.001 s; number of
iterations N=1000; 0<w<1000 rad/s [13].

The following values were obtained:
C=1.4185-107; D=1.3856-10%; m=20;
Zy(p)=27712.8129 Ohm. Based on expression
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(4), the transfer function of the LPTL without
distortions with a matched load has the form:
W, (z) = 0.8226- 772 (5)
The SPTL with a matched load was also
considered. From the equivalent circuits in Fig.
3, the transfer function was obtained using the
nodal potential method [19, 20]:

3

W, (2)=———F——
() by +bzt+b,z7?

(6)

where ao= 2T%Z;; b= CZIL+(2L+RCZ)T+(2R+

22|)T2; by = 7[2CZ|L+(2L+RCZ|)T]; h, = CZ|L;
R=Rol; L =Ll C=Col; Z = Zup) =
27712,8129 Ohm.

Based on the aforementioned parameters and
utilizing expression (6), the line's transfer
function is formulated as follows:

0.055426
Wiy (2) = (7)
12,3615 23.374342 1 +11.07917 2
Fig. 4 displays the transient response

characteristics of the lines, which were derived
using the z-forms method.

The discrepancy between the models was
quantified by comparing the LPTL without
distortions and the SPTL under matched load
conditions. The resulting error profiles (Fig. 5)
show a peak absolute error of 44 = 0.45079 at
n=19.

Similarly, the digital modeling of the LPTL
with distributed parameters, including its version
without distortions, and the SPTL with lumped
parameters was performed under the condition of
their mismatched loads.

A formula for the transfer function is
proposed for the LPTL without distortions in the
presence of a mismatched load:

-135.3771+338.25:% ®)
28708—68.6497 " — 275467 % —66.6672 %

For the SPTL with a mismatched load, the
transfer function in the p-variable was obtained
from the simplified equivalent circuits in Fig. 3
[20]:

Wy, (2) =

Z,(p)
Z,(p)+Z,(p)
where Z,(p)=R+ pL;

(9)

Wy, (2) =
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Fig.4. Transient characteristics in power transmission lines: a) LPTL without distortions with a
matched load; b) SPTL with a matched load.
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Fig.5. Graphs with a matched load: a) Absolute error; b) Relative error.

W1 (p) = 2R +2Lip > 3 (10)
2(R+R)+(RRC+2L+2L)p+(RLC +LRC)p“+LLCp

where ag= 2LiT24+2R/T3; a; = 2L T2 bo = LLIC+(RLIC+LR(C)T+(RRIC+2L+2L)T2+(2R+2R)T;

b, =- [3LL|C+(2RL|C+LR|C)T+RR|C+2L+2L|)T2]. b, = 3LLIC+(RLIC+LR/C)T; bs = - LL,C.

The following parameters were utilized for  number of iterations N=6666; 0<»w<1000 rad/s
this case: R=100 Ohm; Li=0.01 H; Ro=38.4-10°  [13].
Ohm/m; Lo=3.93-10° H/m; Co=5.12-10"? F/m; Then, the transfer function of the SPTL with
Go=5-10-11 S/m; x=0; 1=10574 m; 7=0.0001 s;  a mismatched load termination is given by:

The transfer function in the z-variable:

-1
+a,Z
Wy (p) = %8

by +bz 7t +b,z 2 +byz 3

(11)

Fig. 6 displays the transient characteristics for ~ a maximum absolute error of 44 =~ 0.02909 at
the LDTL and SPTL models. Figure 7 shows the  n=681.
error plots from the model comparison, revealing

122



PROBLEMELE ENERGETICII REGIONALE 4 (68) 2025
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Fig.6. Transient characteristics in power transmission lines: a) LPTL without distortions with a
mismatched load; b) L with a mismatched load.
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Fig.7. Graphs with a mismatched load: a) Absolute error; b) Relative error.

Analogous studies for the LPTL with distortion and the SPTL utilizing simplified equivalent
models were carried out under conditions of mismatched load.
248.1140777%° — 22.55587 7%
1 —40 —41 (13)
2287900.7 — 2252525.2z —-1798567z " +1770954.22
and SPTL with mismatched load:

W;o(2) =

22:107-2.10%z1 1
Wy (2) = 4 41 5 2 6.3 (14)
15.7902-10™" -16.1308-10" 2z +4.434.107z“ -3.41-10z
0030 00304
a. = Long line T e it b.oon 7 simplifiedfine 1
/‘/_/‘
0025 1 7 00251
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00201 / 0020
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- 1/ -
T 0015 1 i < 00151
F< N F
)
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I
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1
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Fig.8. Transient characteristics in power transmission lines: a - LPTL with distortion and mismatched
load; b - SPTL with mismatched load.
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Fig.9. Graphs: a - Absolute error; b - Relative error.

The computations were executed using the
following parameters: R, = 100 Ohm; L, = 0.01
H; Ro = 38.4:10°° Ohm/m; Lo = 8.84:10° H/m; Co
= 5.12:10%? F/m; Go = 510 S/m; x = 0; | =

The transient responses derived via the z-
transform and the ensuing comparative error
analysis are depicted in Figures 8 and 9. The
modeling error reaches its maximum absolute

value of 44 = 0.00389 at the discrete step n=59.

Output signals of blocks

-« foutl

fout 12
fout 123
--- fout 1234
—— fout 12345

86791 m; T = 0.001 s; number of iterations N =
6666; 0<w<1000 rad/s [13, 21, 22]. The transfer
function for the LPTL with distortion and
mismatched load was obtained:

For the power system (PS) with an LPTL
without distortion and a matched load and SPTL
with a matched load, the output signal of the
linear blocks when an excitation of unit impulse
is applied at the PS input is shown in Fig. 10.

b. Output signals of blocks

o foutl
fout 12
fout 123
--- fout 1234
— fout 12345

0.0150

0.0125 4

0.0100 1

h[n]

0.0075
0.0050

0.0025{ |

0.0000

0

50 100 150 200 250 300

n

350 400

200 250 300 350 400
n

100 150

Fig.10. Transient characteristics of the series connection of PS blocks: a - LPTL without distortion
with a matched load; b - SPTL with a matched load.

Table 1.

Serial
connection
s of blocks

Clock
mom
ents
in
time
[n] at
h[n]

max

Maximum value h[n]

Long power transmission line without distortion
with matched load

fout 1 0 0.01639344262295082
fout 12 20 0.013485245901639345
fout 123 31 0.009774094593772301
Tout 1234 51 0.008040170212837094
Tout 12345 81 0.004073840510567478
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Simplified power transmission line with matched
load

fout1 0 0.01639344262295082

fout 12 38 0.009421078830160846

fout 123 43 0.008288407024191974

fout 1234 67 0.006554152596865126

fout 12345 88 0.004054762818590622
Based on the plots in Figure 10, the

calculation algorithm within the computer
software was employed to determine the time
steps at which the output signal h[n] of the
functions attains its maximum value, and these
values are presented in Table 1.

Based on Table 1, it can be concluded that the
transient process in the power system connected
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with a LPTL without distortion and a matched The transient response of the output signal
load occurs with a smaller time delay than with  fuuuzsss and the corresponding absolute error for
the connection involving a SPTL with a matched  the PS are shown in Figure 11. A peak absolute

load. error of 44=0.001067 is reached at n=40.
00041 f—— Simplified line
—-= Long line
—— Absolute error
0.003 A
0.002
= \
0.001 A \\
\\‘\""-..,_‘__'_
0.000 1 e
—0.001
0 50 100 150 200 250 300 350 400

n

Fig.11. Graphs of the transient characteristics of the output signals fout1234s of the line with a matched
load of PS, and the absolute error.

Upon the excitation of a unit step impulse at Similarly, the same digital modeling of the PS
the PS input, the transient characteristics of the  connected with the remaining lines was
output signals fouzsss and the error plots from  conducted.

their comparative analysis are presented in The transient characteristics for the LPTL
Figure 12. without distortion with a mismatched load and
The maximum absolute modeling error, 42 =  the SPTL with a mismatched load, upon the
0.01804, occurs at the discrete time step n =152. excitation of a unit impulse at the PS input, were
obtained in Fig. 13.
“ e Sitood ipdospasssass ssopaaopasos b o0 — Relative error
047 /// ol
7
0.3+ i
0.2 ;\ — Absolute error 5 ol
0.1 ‘3
]
i 20 4
Fi
o0~
(IJ 160 260 3{;0 40'0 560 660 a 0 100 200 300 400 500 600

n

Fig.12. Plots: a) Transient characteristics and absolute error; b) Relative error.

Based on the plots in Figure 10, the The calculation algorithm  within the
calculation algorithm within the computer  computer software was employed to determine
software was employed to determine the time  the maximum values of the output signal h[n] of
steps at which the output signal h[n] of the the functions at the corresponding time steps,
functions attains its maximum value, and these  and these values are presented in Table 2.
values are presented in Table 1.
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Fig.13. Transient characteristics of the series connection of PS blocks: a — LPTL without distortion
with a mismatched load; b - SPTL with a mismatched load.

Table 2.

Serial connections of Clock moments in time [n] at Maximum value h[n]
blocks h[n] = max
Long power transmission line without distortion with mismatched load
fouts 0 0,001663893510815307
fout 12 581 0,000129731203905735
fout 123 650 0,000114170163889094
fout 1234 1210 1,702596752928781-10°°
fout 12345 1473 1,206423043709771-10°°
Simplified power transmission line with mismatched load
fouts 0 0,001663893510815307
fout 12 697 0,000102503537336695
fout 123 754 9,255240696919497-10°°
fout 1234 1528 1,278059489788136-10°
fout 12345 1782 0,925851035305011-10°°
le—5

hn]

1.0

0.8
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0.4

0.2

0.0 4

—-0.2

Absolute error
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0 1000 2000 3000 4000

T
5000

T T T
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n
Fig.14. Plots of the transient characteristics of the output signals fout12345 of the line with a
mismatched load of PS, and the absolute error.

Following excitation by a unit step function at
the PS input, the transient responses of the
output signals fouzsss and the error plots are

presented in Figure 15.

126

The peak absolute discrepancy between the
models, 4h = 0.004514, occurs at n =2329. The
time moment at which the output signal h[n] of
the functions reaches its maximum value were
obtained in Table 3.



0.025

0.020

0.015

h[n]

0.010

0.005

0.000

Regarding the LTL with distortion and a

mismatched

PROBLEMELE ENERGETICII REGIONALE 4 (68) 2025

— Relative error

120 1

100 4

..... 807

Simplified line
Long line
— Absolute error

60 1

Ah/hn], %

40

20 A

T T T T T
1000 2000 3000 4000 5000 6000 7000 8000
n

T T T T T T T T
1000 2000 3000 4000 5000 6000 7000 8000
n

Fig.15. Plots: a - Transient characteristics and absolute error; b - Relative error.

T
0 0

the transient responses of the output signals

load and the SPTL with a  following unit impulse excitation at the PS input.

mismatched load, Figure 16 presents the plots of

Fig.16. Transient characteristics of the series connection of PS blocks:

3‘10- le—6 Output signals of blocks le—g Output signals of blocks

----- fout1

fout 12

h t fout 123

i : —-- fout1234
: — fout 12345

-+ fout 1 :
e fout12 | 1 ®EL ] e
- t fout 123
P ——- fout1234
i — fout 12345

2.5+

2.01

0.5

0.0

1500 2000 2500 3000

n

a - LPTL with distortion and a
mismatched load; b - SPTL with a mismatched load.

T = = + f T taanth
500 1000 1500 2000 2500 3000 0 500 1000

Simplified power transmission line with
Table 3. mismatched load
Serial Clock Maximum value h[n] fout 1 0 0.01639344262295082
connection | momen fout 12 107 8.010574072461381-10
s of blocks tsin fout 123 113 7.273231000285308-105
time Tout 1234 302 1.212114132706986-10°
h[F]]at fout 12345 321 | 0.895978017319045-10°
ngt=
max | Table 3 clearly shows that the transient
Long power tranrsnr?;rss;?ghlégek\)/;gh distortion with process in the PS, which includes a LPTL with
fort 0 0.01639344262295082 distortio_n and a mismatched load, exhipits a
fout 12 160 8. 473397585189009- 105 Io_nger time delay comp_ared to the PS configured
fout 123 165 7.676123656076127-10° with a SPTL under a mismatched load.
fout 1234 387 1.436921269589052-10°
fout 12345 406 1.059695152348151-10®
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Fig.17. Plots of the transient characteristics of the output signals fouti2345 for the PS, and the absolute
error.

Following excitation by a unit step function at
the PS input, the transient characteristics of the
output signals fouzzss and the error plots are

presented in Figure 18. At iteration n=300, the
error reaches its maximum value 44=5.433-107°.
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Fig.18. Graphs: a - Absolute error; b - Relative error.

Figure 17 illustrates the transient
characteristics of the output signals fouti23as for
the PS, along with the absolute error from their
comparative analysis. At n=156, the maximum
absolute error is 47=3.308-10".

CONCLUSION

The conducted research demonstrates the
high efficiency of the method based on the z-
transform for the digital modeling of transient
processes in power transmission lines with
distributed parameters. To provide a deeper
justification of the obtained results, it is
worthwhile to conduct a comparative analysis of
the proposed method with other widely known
approaches.

Unlike Dommel's method (EMTP), based on
numerical integration and the replacement of
distributed parameters with lumped parameters
for small line segments, the proposed z-
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transform method allows for accurate modeling
of wave properties and the phenomenon of time
delay without the need to discretize the line
along its length. This eliminates the error
accumulation associated with approximating
infinitesimal segments with finite ones and
ensures more accurate reproduction of wave
fronts during switching events, which is
critically important for analyzing high-frequency
transients. As calculations have shown, the
maximum absolute error of the proposed method
for the mismatched load condition was only
0.03, whereas the use of simplified lumped
parameter models (similar to those used in
EMTP for long lines) leads to errors reaching
0.45 in the matched load condition.

Compared to frequency-domain methods
based on the Fourier transform, the proposed
approach has a significant advantage when
modeling non-stationary transients of complex
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shapes. The z-transform makes it possible to
obtain impulse transfer functions that can be
directly implemented as recurrent algorithms for
digital relay protection and automation devices.
While frequency-domain  methods  require
laborious inverse Fourier transforms and can
face spectral discretization problems, the z-
transform method provides a direct transition
from an analytical description to a discrete
model ready for software implementation. This
is confirmed by the modeling results, which
established that the transient process in a system
with a distortion-free LPTL and matched load
occurs with a smaller time delay when using the
proposed method.

The results of modeling dynamic processes in
overhead power transmission lines using the z-
transform framework, presented in the article,
confirm the promise of this method. This is
because the method allows for adequate and
highly accurate modeling of transient processes
in the line. The main errors of digital modeling
are associated with the use of approximate
formulas for the transition from the analog

operator p to the discrete operator z=eP'. In the
formula of the analog transfer function of the
line (1), derived from the equations rather than
from equivalent circuits, all exponential
functions are replaced by the variable z
precisely. These exponential functions model the
time delay process. Furthermore, the obtained
impulse transfer functions are comparatively
simple to implement technically without
complex computations. Currently, with the
introduction of digital technologies and Smart
Grid into the power industry, the task of digital
modeling of all elements of the power system
arises. Solving this task will bring their models
to a unified digital form. Thus, the digital
modeling of an overhead power transmission line
is a relevant scientific and technical task, and the
proposed method based on the z-transform
represents an effective solution for creating
accurate and practically implementable power
line models.

The obtained results create the basis for
improving the accuracy of electromagnetic
transient processes analysis in complex power
systems and for developing more reliable
algorithms for digital relay protection.

The prospects for further research are related
to extending the developed methodical approach
to more complex power system schemes,
including multi-circuit transmission lines and
complex network configurations, along with
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formulating actionable guidelines for selecting
the appropriate model fidelity based on the
specific problem to be addressed.

The practical contribution of this study is the
generation of guidelines for determining the
suitable complexity of the power transmission
line model for engineering calculations of
transient processes in actual power systems,
which has a direct bearing on the dependability
and operating speed of digital relay protection
and automation equipment.
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