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Methodology for Assessment the Possibility of Transfer Six-Phase Power
Line into the Mode of Operation with Incomplete Number of Phases
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Abstract. In electric power systems due to various reasons: short circuits, phase breaks, ice melting,
phase-by-stage repair of a high-voltage power line (transmission line), interruptions in the power sup-
ply to the consumer occur. On single-sided power lines, this leads to a prolonged shutdown of con-
sumers, and to a significant emergency lack of electricity supply. Switching the line to operation with
incomplete number of phases significantly increases the reliability of consumes power supply. For
double-circuit power lines it is always possible to keep in work at least two phases out of six. Among
the various options for double-circuit power lines, the so-called self-compensating and controlled self-
compensating high-capacity power transmission lines (SCL and CSCL) were proposed. For unidirec-
tional power supply lines, these cases are accompanied by a prolonged shutdown of consumers from
the electrical energy and a long time with a lack of supply. The article is devoted to the methodology
for calculation the throughput of SCL and CSCL, which operate with incomplete number of phases.
The methodology is based on the use of six symmetric components of currents and voltage of the SCL
(CSC) and can be extended and applied in principle to any six-phase power transmission lines, in par-
ticular, two-circuit conventional power lines. The equivalents substitution complex schemes in the
coordinates of the six symmetrical components in the MATLAB program are modeled. This allows us
to find the currents and transmitted power through the line and voltages in the nodes of the network
and evaluate the possibility of its operation in this mode.

Keywords: electrical lines with self-compensation and controlled self-compensation; incomplete
number of phases; six symmetrical components.
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Metodologie pentru evaluarea posibilititii transferului unei linii electrice cu sase faze in regim de
functionare cu numarul necomplet de faze
Chiorsac M. V., Turturica N.N.
Universitatea Tehnica a Moldovei
Republica Moldova

Rezumat. In sistemele electroenergetice din diferite motive ca scurtcircuite, rupri a faze, topirea ghetii, reparatie
pas cu pas a unei linii de inaltd tensiune (linie de transmisie), se produc Intreruperi in alimentarea
consumatorilor. Obiectivul lucrarii este de a dezvolta o metodologie pentru calcularea debitului unei linii de
transmisie a energiei cu sase faze, ludnd ca exemplu linii electrice cu autocompensare si de tip LEDA, care
functioneaza intr-un regim de sarcind cu numar necomplet de faze. Pentru a atinge acest obiectiv, am folosit o
tehnicd bazatd pe utilizarea a sase componente simetrice ale curentilor si tensiunilor LEC (LEDA) pentru diferite
regimuri asimetrice si care poate fi distribuitd si aplicata in principiu la orice tip de linii de alimentare cu sase
faze, in special, la liniile de alimentare conventionale cu dublu circuit. in mod similar cu metoda binecunoscuti a
componentelor simetrice trifazice, utilizatda pentru a evalua posibilitatea transferarii unei linii de alimentare
trifazate intr-un regim incomplet de faze, metoda componentelor simetrice cu sase faze poate simplifica
semnificativ calculul. Cel mai important rezultat al acestei lucréri o prezinta metoda de calculul al parametrilor
electrici (curenti si tensiuni) n cazul unui regim de functionare ce numar necomplet de faze , utilizdnd conditiile
de limita pentru portiunea avariatd a liniei electrice de transmisie. Semnificatia rezultatelor consta in obtinerea
unui scheme complexe echivalente la ruperea fazei in coordonatele fazore a sase componente simetrice, ceea ce
permite de a calcula curentii (puterile) si tensiunii unei linii de transmisie cu sase faze in nodurile retelei, ce
Cuvinte cheie: linii electrice cu autocumpensare si linii electrice dirijate, functionare cu numar incomplet de
faze, sase componente simetrice.
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MeToanka oleHKH BO3MOXKHOCTH nepesoa mectudasnoii JIIII B HenonHoda3HbIA peskuM padoThl.
Kuopcak M.B., Typrypuka H.H.
Texauueckuil yHuBepcuUTeT MOJIIOBBI
Kummnes, Pecrrybnmka Momnnosa

Annomayus. B >1eKTpO3HEPTETHUECKUX CHCTEMAaX B CHITY Pa3IMYHbBIX IPUYHH: KOPOTKUX 3aMBIKaHUH, OOPBIBOB
(a3, mwraBku romonéna, MohazHEI PEMOHT BBICOKOBOJIBTHOH IHHUH 3JekTporepenadn (JIDI1) Bo3HHKaroT
MepepBIBEl B 3NEKTpocHaOkeHHe mnorpedbuteneid. IlepexioueHne JTWMHMM C OZHOCTOPOHHUM IIMTaHHUEM B
HETIOTHO(a3HBII PEXUM CYIIECTBEHHO YBEINIMBACT HAC)KHOCTB AIIEKTPOCHAOKEHHS moTpeduTeneii. OcoOeHHO
910 3¢ dexTrBHO M5t ABYxX1EnHbIX JIDII. /s HUX Beeraa ecTb BO3MOXKHOCTD COXPAHUTD U3 MIECTU (a3 XOTs Obl
nBe ¢daspl B pabore Ui oOecliedeHHs HENPEPHIBHOCTH dHeprcHaOxeHus. Cpeau pasIM4YHbIX BapHaHTOB
nByxuenHeix JIOII OblIM IpeaniokeHbl M TaK Ha3blBaeMble CaMOKOMIICHCHPYIOIIMECS WU YIIpaBisieMble
CaMOKOMIIEHCHPYIOIUECS JIMHAU 3JIEKTPOINepeaadyr MOBBIIIEHHOH npormyckHol crioco6Hoctn (CBJI n YCBJI).
Llenpro paboThl siBIIsiETCSl pa3pabOTKa METOAMKM pacyera MPOMyCKHO# crocoOHocTh mectudasznoit JIDII Ha
npumepe CBJI u YCBIJI, koTtopbie paboTatoT B HenonHO(a3HOM HArpy3oyHoMm pexume. Jlus AoCTHXKeHHs
MOCTaBJIICHHOM LENH HCIOIb30BallaCh METOAMKA, OCHOBaHHAas Ha MCIIOJIB30BAHME INECTH CHMMETPHUYHBIX
cocraBsronx TokoB M HampspkeHu CBJI (YCBIJI) mpu pa3nugHBIX HECHMMETPUYHBIX PEKHMAax U KOTOpas
MOJKET OBITh paclpocTpaHeHa W MPUMEHEHa B MIPHUHITUIIE K JTIOOBIM BUAaM IrectudasHeM JIDII, B acTHOCTH, K
IBynxuenssiM  oOprgHBIM  JIOII. AHamormyHo OOIIEM3BECTHOMY METOAY TpexX(hasHBIX CHMMETPHUIHBIX
COCTABIIIONINX HCIOIB30BAHHBIA JJIs OICGHKH BO3MOXKHOCTH TepeBoma Tpexdasnoit JIDII B HemomHo)a3HEIH
PEKHMM, METOA INECTHU()A3HBIX CHMMETPHUYHBIX COCTABIIIOIINX ITO3BOJSET CYIIECTBEHHO YIPOCTHTH PAaCUET.
Hawnbounee BaXHBIM pe3yJabTaTOM B IAaHHOW paboTe SBISETCS PACCMOTPEHHAs METOJIMKA pacueTa dIEKTPHYECKUX
BEJIMUMH (TOKOB W HampspkeHuil) mpu HenonHohaszHoM pexume CBJI Ha OCHOBE IpaHMYHBIX YCIOBHH VIS
yuactka noBpexaeHust JIDII. 3HaunMMOCTh pe3yiabTaTOB COCTOMT B MOJYUYEHHWW SKBHUBAJCHTHON KOMILIEKCHOM
CXeMBI 3aMelleHus Uit oOpbiBa (a3bl B KOOPJAMHATAX ILECTH CHMMETPUYHBIX COCTABIISIOIINX, YTO MO3BOJISET
HaWTH TOKK (MouHOCTH) mectudaszuoii JISII u HanmpsHKeHUs B y371aX CETH U OLIGHUTh BO3MOKHOCTh €€ paboThI B
HETIOJTHO(A3HOM PEXUME.

Knrwueevie cnogea: CcaMOKOMIEHCHUPYIOIIMECS M YOpPaBIsEMble  CaMOKOMIEHCHPYIOIIMECS  JIMHUU
3JIEKTPOIICpEIauH, HETIOJHO(ha3HBIH PEXXNUM, IIECTh CHMMETPHIHBIX COCTABIISIONIHX.

INTRODUCTION for example, when carrying out phase-by-phase
repair of power lines or step by step phase ice
melting.

In order to estimate what power of electricity
can be transmitted to consumers, it is necessary
to study the operation of the power line (SCL or
CSCL) without the disconnected phase.

For the calculations of the maximum value of
the electrical power transmitted by the three-
phase conventional power lines [5] in the INPh
operating modes, the method of three

To increase the transmission capacity of
electrical lines, the use of a new generation of
high-capacity transmission lines has been
proposed, including electrical lines with self-
compensation (SCL) and controlled electrical
lines with self-compensation (CSCL) [1-4]. The
introduction of these power lines in practice
requires solving a whole range of problems such
as relay protection (RP) from various damages,
including short circuits (SC), phase ruptures

(PhR) and analysis of the possibility of their sy_/m_metrical compone_nts 01,2 is_ used. [6-24].
operation with incomplete number of phases Similarly, _for calculating the maximum value of
(INPh) the electrical power transmitted by SCL or

CSCL in the INPh asymmetric mode of
operation, the method of six symmetrical
0,1,2,3,4,5 components can be used. This
requires the following data:

— the equivalent substitution schemes of
the electrical network and all its elements for the

Of all the possible short circuits on the SCL
or CSCL, more than 60% of the short circuits
belongs to short circuits of single-phase followed
by disconnecting the line. For consumers
connected via SCL or CSCL to a single source of
electricity, this will interrupt the supply of
electricity. The power supply of the consumers ~ Seduences 0,1,2,3.4 and 5 of the currents and
can be maintained by disconnecting only the  Voltages; _
damaged phase, if each phase of the SCL or —  the maximum values of the power of the
CSCL has its own switch. Operation SCL and ~ Consumers (_:onnected to the transformer stations
CSCL with no-full number of phases (NFPh) can  Of the electrical network;
be provided as a possibility that significantly —  passport data for generators of the power
increases the reliability of the electrical system,  plants.
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I, DETERMINATION OF THE
MAXIMUM TRANSMISSION POWER IN
THE MODE OF OPERATION WITH
INCOMPLECT NUMBER OF PHASES
(INPh)

The methodology for assessing the maximum
value of the transmitted power by SCLor CSCL
is based on the following assumptions: similar to
asymmetric load calculations by using three
symmetrical components, it is considered, that
the voltage of the second (2) and fifth (5), as
well as the first (1) and fourth (4) sequences of
the voltage at the terminals of all power
consumers connected to the common distribution
network are equal. Therefore, in most cases it is
sufficient to determine the asymmetry voltage on
the transformer busbars of the substations,
connected to the line operating in the INPh
mode. The entire load is replaced by an
equivalent one and is brought to the busbars of
the corresponding voltage of each of the
substations connected to the line operating in the
INPh. Considering SCL (CSCL) as six-phase
power lines, for calculating asymmetrical short-
circuits, ruptures of the phases and for
calculating the maximum value of the
transmitted power through them in the INPh

Uomn

mode of operation by using six symmetrical
components it is necessary:

— asymmetric systems of voltages, currents
and EMF to be present as the sum of the
corresponding symmetrical components;

— the initially asymmetric equivalent
circuit shall be represented by six symmetrical
equivalent circuits of sequences 0,1,2,3,4 and 5
of currents. The number and types of the
symmetrical components circuits depends on
given analyzing type of asymmetry;

—  for given type of asymmetry, according
to symmetric equivalent circuits, symmetric
components of currents and voltages are
calculated,

— using the calculated symmetrical
components, the desired currents and voltages in
the original circuit are determined.

In accordance of deterioration type,
equivalent circuits of individual symmetrical
components can be obtained (Fig.1). Figure 1
shows the circuits of the symmetrical
components of the CSC line when the phase A is
ruptures and shifting angle between voltages
vectors of the phases closely placed of the CSC
6=0°
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Fig. 1. The equivalent circuits of symmetrical components for ruptured phase of the CSCL with angle 0
= 0 °: a- for zero sequence; b -for third sequence; c - for first and fourth sequences; d - for the twice and
fifth sequences.
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The ruptured phase A can be considered
undamaged if a UMN source with the equivalent
voltage equal to the potential difference between
the rupturing points is included between the
breaking points M and N. The phase components
of the currents and voltages at the breaking point
are characterized by the relations:

Taking into account the boundary conditions
expressed in to the six symmetrical components,
the equivalent schemes of individual sequences
can be combined into a complex equivalent

circuit. The schemes of individual components
are connected in parallel to the damaged place.
The individual sequence schemes need to be
connected in such a way that the sum of the
currents is equal to zero and the voltages of the
individual sequences are equal between them. As
an example, fig. 2 shows the complex equivalent
scheme of the line in to the symmetric
components in the MATLAB program, when
phase A is ruptured.

10 15 14 13 12 I
Out1 Qut1 M Out1 — out1 L out1 L out1
Conni1 Conn1 Conn1 Conni Conni Conni
Conn2 I:—‘— Conn2 I:L ﬂlzl Conn2 | Conn?2 ‘
Subsystem Subsystem Subsystem Subsystem Subsystem Subsystem
0 sequence 5 sequence 4 sequence 3 sequence 2 sequence 1 sequence

Fig. 2. Complex equivalent scheme of the line in to the symmetric components for the ruptured phase A
in the MATLAB program.

Il. CALCULATION THE MAXIMAL Orin a simplified form F = Fo- Fs
TRANSMITION POWER THROUGH HV
LINE WHICH WORKS WITH 1 1 1 1 1 1
INCOMPLETE NUMBER OF PHASES | ¥ i i i g0
Using the method of six symmetrical Dol e g g g g
components, the phase and line currents and Se= - e m (2)
voltages according to the relations are determine 1 ¢ 1 e 1 e
1 ej120 ej240 1 ej120 ej240
. . j60 j120 j180 j240 j300
m E 1 ™ e e e e
A1 1 1 1 1 40
|:B 1 ejsoo e1240 eleO eleO ejeo I:A1
E|l b e g | g0 gim| |F the square transition matrix from the six
N ol T T S | ?l@@)  symmetrical components 0,1,2,3,4,5 _of the
F, _ _ _ 1 [Fa vectors of current (voltage) to the six-phase
Bl Lo e 1 e e L coordinates A, B, C, D, E, F of the line
F 1 el gl 80 gj2a0 430 _A4
FF FAS
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'iA [—;Ao
FB FA1
. Fc . FAz
F= . ’ Fs= . ]
Fo Fas
FE FAA
FF FAS

Where F column matrix of current (voltage)
vectors in the phase coordinates, Fs column
matrix of current (voltage) vectors in the six
symmetrical components.

Converting the vectors using the give up
matrixes is advisable for calculations in the
MathCad system, because this allows for
calculating the required currents and voltages
without write separate formulas. On the base of
the equivalent circuits of six 0, 1, 2, 3, 4 and 5
sequences (fig. 1) and complex equivalent circuit
(fig. 2), following system of equations can be
writes:

z,l,+U, =0

zi,+U, =E,

z,I,+U,=0

z,I,+U, =0

7,0, +U, =E,

z,I.+U, =0

[0 +0+0+0,+1,=0

Uy +U, -6 +U, e +U, +U, e +U, .e ™ =0
U, +U,-e 10,1 1U,+U, e ™ +U,.e ™ =0
U,-U,+U,-U,+U,-U, =0

U,+U, -2 +U, e +U, +U, e +U, e =0
U, +U, -6 +U, e U, +U, e +U, -1 =0

®)

Here Zo, Z1, Z,, Z3, Zs4, Zs are the resulting
impedances of the circuits of the six symmetrical
components in relation to the rupture point. The
first six equations of the system are compiled
according to Kirchhoff's second law (fig.1). The
remaining six equations of the system are written
according to the conditions at the place of
asymmetry. For ruptured phase A , the boundary
conditions written through the six symmetric
components according to (1): 14 =0, ua-=0,
Up=0,Up'=0,Uc=0,uc =0. Using the
known impedances of the complex equivalent
circuit, the symmetric components of currents
and voltages in all nodes and branches of the
circuit are calculated. The phase and line
currents and voltages are calculated by the
relations (1). According to the phase and line
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values of currents and voltages, power flows for
given branches:

P

R A B A < I
Spq=U:|A +U§|B +U£|c +UK.|A'+U§.IB’+U£.IC' (4)

or

pq

- L Y Y T I
SM=6{UP s +U 12 +U2 Is +UP 1 +UP 15 +U% 1o | (D),

where p. and q are the beginning and end of a
given branch

The calculation is carried out for the load
range from maximum to zero (for example,
100% SI, 80% SI, etc.), where Sl is the power on
beginning of the line. The loads of the
transformers substations vary in proportion to the
load on the beginning of the line. At each step,
currents and voltages are calculated. In the same
way, changing the load in the range from 100%
to 20% are built the dependences of Uf on the
values of the transmitted power. Following the
above calculation method, it is possible to
calculate the voltage deviation at all substations
of the considered network and construct for each
substation the graphs Vi f (SI), where

vi:UGU'« f (Swy), Where

100% and ¢

H

&= 8—2100% . The analysis of these dependencies

H

allows us to solve the problem of the maximum
value of the transmitted power, based on the
criterion of voltage quality at the consumer. As a
result of the analysis of these dependencies, the
maximum value of the transmitted power
through the line is found. Comparing the all
results of the analysis is selected the power that
satisfies the given technical limitations.

I1I.CALCULATION THE SHORT CIRCUIT CUR-
RENTS WHEN HV LINE WORKS WITH INCOM-
PLECT NUMBER OF PHASES

The asymmetry that occurs during the phase
rupture was characterized by the corresponding
voltages and currents that can be decomposed
into separate sequences. Their values depend on
currents and voltages of the previous mode of
operation and have a significant effect to the
operation of relay protection. In order to ensure
the operation selectivity of the relay protection
of the line in INPh it is necessary to adjust the
relay protection in such a way, that there are
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capable to operate correctly At the same time,
the necessary sensitivity of the relay protection
must be ensured during the short circuits, which
can occur during operation of the line in the
INPh regimes. For the lines which supplies with
electrical energy the consumers from one sours,
as a rule, are installed the following relay
protections:

- current  cut-off relay protection,
connected to the phase currents and homopolar
(zero) sequence currents;

- maximum current relay protections,
connected to the phase currents and homopolar
(zero) sequence currents.

To choose the start current of the current cut-
off protection, it is necessary to know the highest
short-circuit currents  behind the step-down
transformers. To calculate the short-circuit
currents on the lines with a single tap may be
used the expressions [4]. At the figure 3, the
simplified scheme of six-phase line with rupture
of the phase on the chain | and phase short
circuit on the chain Il are given.

Q _{ZDJF_M'N ICZD _ Load
FQD+ T £ aD
i N llk . |

Fig. 3. The short circuit of the one phase on the ground with simultaneous rupture of another phase of
the line.

To check the reliability coefficient of the
protection, in most cases, it is necessary to know
the currents of a single-phase short circuit of one
of the working phases during the operation of the
line in the INPh regime. The scheme of fig. 3 in
the cases of short circuit. with the simultaneous
rupture of one phase is characterized by 24
unknown currents and voltages:
SR S
U2K ’U3K ’U4K ’USK ’UOK ’U1U ’U2U ’U3U 'U4U ’U5U ’U
For each of characteristic sequences, the
relationship formulas between voltages and
currents it is compiled, taking into account the
accepted positive direction of currents and
voltages:

2K 3K T4K 7 T5K Y TOK Y T1U Y

_EN :_ZlKKllK +Z
_(EM - EN )= ZlUK IlK + ZlUU

0=—Z,« IZK + 2wl I
|

~Uy;

1KU lU
pO)
2K

0= Z2UK 2K +ZZUU 2U ;

3K

-uU

-U

-uU
o by U
-U,,;
-U
-U
-U
-u

[ |
0=-Z5«ls I (6)
0=2Zy, I3K +Zayy |3
0=-Z,« I4K +Zyuly I
0=2, IAK +Zl, I
I

—Ele

sk Tsk T
_(E _E )— 5UK 5K+ZSUU|5U

4K 1
4U 1
5KU 5U 5K

5U *

I4U ' I5U ' IOU ’UlK'
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_UOK;
_Uouv

0= _ZOKK I’OK + ZOKU I'ou

0= ZOUK I.0|< + Zouu I.ou

where Zykk = ZN, Zyy = ZX = Zn 2w - self
impendences;

Zwu = Zxuk = Zn - mutual impendences,
where x is the index of the sequences (x = 0, 1,
2, 3, 4, 5) The rest of the equations are compiled
according to the boundary conditions for places
of short circuit and rupture. For the phase A

short circuit to ground U, =0, I, =0, I, =0,
lg =0, I =0, I, =0 for the phase. A in the
rupture point 1,, =0, Uy =0, U, =0,

Ugy =0, Uy, =0,U.y, =0.
To write the equations, we use (1)

UAK =LJ.OK +UlK +U2K +U3K +U4K +USK;

] _1 ] -j60 , T -j120 ] —j240
L =l e+, e -1, +1, e+
| . a-i300.
+1g, e

o ] -j120 | 1 -j2a0 |y | .-l
Lo = o+l €7 + 1, €70+ L +1, 7+

|20,
+lg -e

IB\K :IOK_|1K+|2K_I3K+I4K_I5K;
c i |
ICK _|0K+I1K € +I2K

| . p-il20.
+ly, 87

-j120 | ] —jo40
I P PP
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+g, -1

| a0 [ i | . a-il0
CK 0K+I1K e +I2K € 7|3K+|4K e +

()
I’AU = I’OU + I'1U + I’ZU + I’3U + I.4U '+I'5U ;

U,y =Uy +U,, -6 +U, e -U, +U,, -e 1%+
+U5U 'e—jaoo;

U,, =Uy, +U,, e +U,, e 4+U, +U,, e 72+
+U,, -1,

UB\U :UUU _Uw +U2U _Uau +U4U _Usv;
U, =U,, +U, €2 +U,, -e™+U, +U,, e+
Uy, e

U,y =Uy, +U, &7 +U,, e U, +U, e+
U, e,

To calculate the symmetric components of
the currents and voltages using Mathcad, a
matrix of coefficients and a matrix of the free
members are compiled. The found currents and
voltages of individual sequences in places of
short circuit and rupture allow us to find currents
and voltages at other points of the original
circuit. The symmetrical components in the line
from the power supply system N side and current
of the phase A are calculated according to found

currents and the corresponding equivalent
circuits:

Lo = Ta = Tau s
corresponding sequence.

The calculated phase currents and voltages at
all points of the network allow to analyze the
operation of relay protection and of the
conclusions about the need to change the settings
of the operation of the relay protectio, fig. 2.
complex equivalent scheme of the line for the
ruptured phase a in the matlab program. (as in
the usual analysis of the operation of the relay
protection).

where X is the

CONCLUSIONS

1. The supply of the consumers with
electrical energy at the single-phase short circuits
of the SCL or CSCL followed by the
disconnection of the failed phase can be
maintained by ensuring their operation with
incomplete number of phases.

2. The maximum admissible transmitted
power through SCL or CSCL with INPh can be
calculated by modeling at the computer the
equivalent schemes of the symmetrical hex phase
components
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