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Abstract: The Sen Transformer (ST) provides an economical solution for power flow control and
voltage regulation. However, fault analysis and evaluation of the performance of the transmission
protection system in the presence of a ST have not been investigated. Hence, a short-circuit model
of the ST using the phase coordinate method is proposed in this paper. Firstly, according to the
coupled-circuit ST model, the nodal admittance matrix between the sending end and receiving end
of the ST was deduced. Subsequently, a fully decoupled mathematical model was established that
can reflect three characteristics, including its winding connection structure, electrical parameters, and
ground impedance. Thus, with the help of the phase-coordinate-based solving methodology, a short-
circuit ST model may be built for various short-circuit faults. The MATLAB and PSCAD/EMTDC
software were employed to carry out simulated analyses for an equivalent two-bus system. The
short-circuit currents obtained from the time-domain simulation and the analytic calculation utilizing
the proposed model reached an acceptable agreement, confirming the simulation’s effectiveness.
Moreover, the variation of the fault currents with the variation of the compensating voltage after
single-phase-to-ground and three-phase short-circuit faults was demonstrated and used to analyze
the effect of the ST on the fault currents.

Keywords: decoupled mathematical model; nodal admittance matrix; phase coordinate method;
Sen Transformer; short-circuit fault analysis

1. Introduction

With the rapidly growing penetration of renewable energy sources and the ever-
increasing complexity of electrical systems, transmission lines are becoming overloaded
and experiencing reduced stability, increased voltage variation, and loop-flow of power.
This fact is even more pronounced in large-scale power systems [1-4]. The demands for
better utilization of existing power systems and to increase power transfer capability by
installing flexible AC transmission system (FACTS) devices have become increasingly
urgent. The Sen Transformer (ST), which can provide an independent and bidirectional
active and reactive power flow control in a transmission line, has been proven to be reliable
and cost-effective when compared with the emerging technology of VSC [5-7]. However,
the complicated operational modes of the ST and the unique winding connections create
some challenges for the fault analysis of power systems with STs. Therefore, it is necessary
to establish a short-circuit model for the ST to properly evaluate its influence on fault
currents.

From the perspective of the modeling of the ST and its variants, a power flow model
of a ST was developed to study the impact of the ST for congestion management and
ATC enhancement [8,9]. A steady-state model of a power-transistor-assisted ST(TAST)
was established in [10,11], and power flow control for congestion management using
TAST was performed in [12]. In addition, a power flow model of the extended ST(EST)
was proposed in [13] for power flow analysis in a large-scale power system. However,
these models are only suitable for steady-state analysis of power systems involving STs,
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and fault analysis cannot be performed with the help of these models. For the transient
analysis of the ST, a ST digital simulation model was developed using the PSCAD/EMTDC
software package [14] and a new algorithm capable of selecting the best combination
of tap settings was implemented in it. A detailed electromagnetic transient model was
developed in [15] for the ST embedded in a network, but the detailed flux paths in the
core were not considered in these models. Furthermore, an electromagnetic transient
model for the ST based on the real-time high-fidelity magnetic equivalent circuit was
proposed in [16] and estimated on the field-programmable gate array (FPGA) for hardware-
in-the-loop applications. Meanwhile, in order to explore the internal characteristics of
the ST, an analytical electromagnetic model considering the multi-winding coupling in
the ST with a three-phase, three-limb structure was presented in [17]. Additionally, the
application of high-power electronic on-load tap-changers in ST was introduced in [18]
and a switching transient model was proposed for studying the commutation process.
In [19], a quasi-steady-state model of a three-phase five-limb ST (TPFLST) is proposed,
applying the principle of duality to evaluate the performance of a TPFLST with unbalanced
load conditions. Nevertheless, there has been not much study on the fault analysis of a
power system with a ST reported in the published literature. Although the electromagnetic
transient ST models proposed in the existing literature can be used for short-circuit analysis,
the electromagnetic transient calculations are tedious and time-consuming, especially in
large-scale and complex power systems. There is an urgent need to develop a suitable
method for short-circuit analysis of power systems containing STs.

From the perspective of short-circuit fault analysis methods, the symmetrical compo-
nent-based method has been widely applied to perform fault analysis for multiphase distri-
bution networks [20,21]. Moreover, regarding electrical equipment such as the transformer,
superconducting fault current limiter, and permanent-magnet synchronous machine, the
relevant fault models for carrying out short-circuit studies via symmetrical components
are also presented in [22-24]. Although symmetrical components afford an admirable
degree of unbalanced design and system operation, the assembly of sequence networks
and the solution of sequence equations are not always easy, particularly in the case of a
system as distinct from load unbalance when mutual coupling exists between the sequence
networks [25-27]. Meanwhile, as for the three-phase, three-limb model of the ST, it should
be noted that the magnetic coupling among all windings of the ST results in its unbalanced
three-phase operation [17]. The method of symmetrical sequences may not be as accurate
as expected in this case. The phase coordinate method was considered to be an attractive
methodology to solve this problem, having been previously employed to model the con-
ventional transformer, three-phase autotransformer, and synchronous machine [28-31] for
short-circuit fault analysis. Hence, it may be an effective way to accurately calculate the
short-circuit currents when a ST is installed in a power system, with the aid of the phase
coordinate method.

Therefore, this paper proposes a short-circuit model of the ST, utilizing the phase
coordinate method according to the different fault types. The contributions of this paper
are:

1. A fully decoupled mathematical model of the ST is deduced based on the coupled
circuit, considering the mutual inductances among all windings for the ST and the
ground impedance on the secondary side of the ST.

2. Short-circuit models involving single ST faults and combined ST faults are proposed.

3. Variations of short-circuit current after the occurrence of single-phase-to-ground and
three-phase-to-ground faults in a power system with a ST are presented, and the
reasons for these variations are analyzed.

This paper is organized as follows. Section 2 presents a fully decoupled mathematical
model of a ST for the phase coordinate method, and the ground impedance on the primary
side of the ST is extended in this model. The short-circuit calculation for an electric power
network using the phase coordinate method is described in Section 3. In Section 4, case
studies are implemented to illustrate the effectiveness of the proposed short-circuit ST
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model and analyze the variations of short-circuit current magnitude for single-phase-to-
ground and three-phase short-circuit faults caused by the ST. Finally, the conclusions of
this work are drawn in Section 5.

2. A Fully Decoupled Mathematical Model of ST for Phase Coordinate Method
2.1. The Working Principle of the ST

The basic topology structure of the ST is shown in Figure 1la. The voltages Usx,
Usp, and U at any point in the transmission lines supply to the Y-connected primary
windings of the ST in phases A, B, and C, respectively. These primary windings constitute
the exciting unit. A total of nine secondary windings with tap changers constitute the
compensating voltage unit. Each limb of the core has three of the secondary windings, i.e.,
al, a2, and a3 are placed on the limb of phase A; b1, b2, and b3 are placed on the limb of
phase B; and c1, c2, and ¢3 are placed on the limb of phase C. The vector diagram for the
ST’s operation is shown in Figure 1b. As for phase A, the series-connected compensating
voltage is as follows: Ussrpo = Ua1 + Upy + Ucp. Since there is a 120° phase shift between
the induced voltages U,1, Uy, and U, the sum of three voltage vectors can be varied by
adjusting the tap changers in the secondary windings. Consequently, the obtained U a
becomes variable in magnitude and in the phase angle from 0° to 360°. In this way, the
series-connected compensating voltages Uss'p and Uss/c in phases B and C can also be
derived. Furthermore, the four-quadrant adjustment of the sending end voltage from Us to
U, can be realized, i.e., Us = Ug + Usg.

=

-

Usa IsA
|

I =

Uss isB
|

| -

Usc IsC

= &

o)

Exciting unit

(a) (b)

Figure 1. (a) The basic topology structure of the ST; (b) the vector diagram for the ST’s operation.

By varying the magnitude of U, and the phase angle, B, of the injected compensating
voltage, the three operational modes for the ST can be achieved: voltage regulation, phase
angle regulation, and independent power-flow regulation [6,7].

e  Voltage regulation mode. If the ST works as a voltage regulator, the phase voltage U;
is added to Uy by injecting the compensating voltage Uss/, and Usy is either in phase
(8 = 0°) or out of phase (5 = 180°) with U.

e Phase angle regulation mode. When the ST is operating in the phase angle regulation
mode, the series-connected compensating voltage U is added to the transmission
line in quadrature with Us (8 = £90°).

e Independent power-flow regulation mode. If the ST is used as a power flow regulator,
the active and the reactive power flows are regulated independently by changing Us
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to Uy by varying the magnitude and phase angle of the injected voltage Us. The
required U,y can be derived from the desired active and reactive power.

2.2. Modeling of ST for Phase Coordinate Method

The coupled circuit of the ST is displayed in Figure 2. L,, L}, and L. denote the self-
inductances for the primary windings in phases A, B, and C, respectively. La1, Lao, Laz; Lp1,
Lip, Lps; and L¢g, Lep, and L3 denote the self-inductances for the ST secondary windings in
phases A, B, and C, respectively. M;; represents the mutual inductance between windings i
and j, wherei,j= A, B, C, al, a2, a3, b1, b2, b3, c1, c2, and c3, and it should be noted that
i#j. Upa, Upp, and U represent the exciting voltages for the ST in phases A, B, and C,
respectively. Ugya, Usy, and Uy c stand for the series-connected compensating voltages
for the transmission line in phases A, B, and C, respectively. i, 5, ipp, and iyc represent the
exciting currents for the ST in phases A, B, and C, respectively. iy 4, is'p, and iy'c stand for
the currents of the transmission line at the receiving end of the ST in phases A, B, and C,

respectively.
The mutual inductances
between windings A, ai, a2
and asfor phase A and coils
Usc Uss Usa C, ¢, @ and cs for phase C
0 0 o
VsQisegisa Usa

1s/\u B

The mutual inductances The mutual inductances
between windings A, ai, a2 between windings B, b, b
and as for phase A and coils and bs for phase B and coils
B, b1, b2 and bs for phase B. C, c1, @ and csfor phase C.

Figure 2. The coupled circuit of the ST.

According to the ST coupled circuit shown in Figure 2, the branch voltage Uj;,,q, and
current iy, for the ST are defined as follows:

T

Upranen = [ upA upB upC Ussia Ussip Ussic ] 1

Yoranch = [1pA IpB IpC ls1A 5B Is/C] ()

where Upa, Upp, and Uy,c denote the voltages of the primary windings for the ST, respec-
tively. iy, iy, and i,c denote the currents of the primary windings for the ST, respectively.
is' A, is'B, and is/c represent the currents of the secondary windings for the ST, respectively.
Uss A, Ussp, and Ussc represent the voltages of the secondary windings for the ST, and
they are given by

Ussia = Up + Uy + U

Uss/B - uaZ + ubZ + ch (3)

uss/C = uu3 + Ub3 + uc3

The relationship between the branch voltage and branch current can be established as
follows:

ubmnch = menchibranch (4)
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Zep A =

Zsa B

Zsac =

Zs/a_A
Zsla_B
Zs/a_C

= Zna+Zpa+Zaa
= Znp+Znp+ Zas
= Zsc + Zpic + Zeac

where Zj,,,,;, denotes the branch impedance matrix for ST, and it is described as follows:

Zsa A ZsaB ZsaC ZsAa Zsab ZsAc
ZsB_A ZstB ZsB_C ZsB?a Zstb Zstc
Zsc A ZscB Zscc Zsca Zsch ZsCc 5)
Zs/uﬁA Zs/a_B Zs/u?C Zsla_a Zs/a_b Zsla_c
Zs/b?A Zs/b?B Zs/b?C Zs/b?a Zs/b?h Zs/bfc
Zs/c_A Zs/c_B Zslc_C Zs/c_a Zs/c_h Zs/c_c

Zyranch =

Indices M, N, m, and n are defined in order to clarify each element in the branch
impedance matrix, among M, N = A, B, and C; m, n = a, b, and ¢, respectively. Equation (5)
can then be rewritten as follows:

ZsM_N ZsM_n (6)

y4 =
branch Zs/m_N Zs/m_n

where Z;); n represents the mutual inductance between the primary winding in phase M
and primary winding in phase N and Z;); , denotes the sum of the mutual inductances
between the primary winding in phase M and the secondary windings series-connected in
the transmission line for phase n. Zy,,, 5y denotes the sum of mutual inductances between
primary winding in phase N and the secondary windings series-connected in the trans-
mission line for phase m. Z,, , represents the sum of the mutual inductances between
the secondary windings series-connected in the transmission line for phase m and the sec-
ondary windings series-connected in the transmission line for phase n. Here, Zsz A B andc,
Zsp apandes Zs'aABandCr and Zy'y o b andc are taken as examples for illustration in Equation
(7). The other specific elements in the impedance matrix are shown in Appendix A.

ZsA_u = ZAul + ZAbl + ZAcl

(@) § Zsap = Zan+Zaw +Zac (b)
ZsAfc = ZAa3 + ZAb3 + ZAc3
Zsina = Zaal T Zam + Zaicr + Zpiat + Zon + Zp1a

+Za1 + Zapt + Zaia ()
(c) Zsia b = Zata2 + Zaw2 + Zarcz + Ziiaz + Zoiv2 + Zpic2 (d)
+cha2 + Zc1b2 + Zc1c2
Zsia_c = Za1as + Zawwz + Zatcr + Zp1az + Zo1os + Zoics
+Zc1a3 + Zews + Zeics

Because the expression in Equation (4) cannot fully reflect the mathematical character-
istics between the terminals of the ST and the external electrical network, it is necessary to
further convert the branch voltage and the branch current into the nodal voltage and the
nodal current. Hence, Up,,,c;, and iy, are replaced by the nodal voltage U4, and the
nodal current ,,,4,, and the latter are defined as follows:

T
Uyge = [ Usa Usp Usc Uga Uyp Usc | (8)

Lyode = [lSA Isp 1sC 1s1A lsiB ls/C] )

According to the coupled circuit in Figure 2, U4, can be expressed by Uy, and
the relationship between iy, and 1,,,4, is also obtained as follows:

U, pqe = N1lUprancn

. . 10
inode = Noipranch (10)
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where N1 and N are the conversion matrices for converting Uy, e, and gy, into Uyoq,
and i,,,4,, respectively; they are shown as follows:

100 0 0 0 10010 0
010 0 0 0 0100710
001 0 0 0 00100 1

M=1100-10 o™~ |000100 (1)
010 0 -1 0 0000T10
001 0 0 -1 00000 1

By combining Equations (4) and (8)—(11), the relationship between i,,,;, and U4, can
be established:

inode = NZZb_r}mCth_lunode (12)

The nodal admittance matrix G4, for the ST is then defined and expressed as follows:

Guote = NoZ,! N (13)

Consequently, a fully decoupled mathematical model for the ST can be constructed
according to the nodal admittance matrix G4, in Equation (13) and it is shown in Figure 3.
The specific elements in Figure 3 are demonstrated in Appendix B.

USA Gs 'AA US ‘A
o ‘ L o 0
GsAb GsBa
Gsaa | GsaB Gs'ab| Gs'Aa
GSAC GsCa
Uss Gs'BB Uss
o
Gsac Gs'ac
GsBB| GsBC GsBc | Gs'Bb
— Gst GsBe =
Usc Gs'cc Usc
O O

L
\ Gscc | | Gs'ce /
|

Figure 3. The equivalent decoupled circuit for the ST.

2.3. ST Phase Coordinate Model Incorporating Ground Impedance on Its Primary Side

The established ST model ignores the ground impedance on its primary windings,
although this can be an important part of the analysis of a grounding system. Thus, in
order to calculate the short-circuit current flowing through the ST in a grounding system
precisely, it is necessary to consider the ground impedance of the primary windings for
the ST.
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The ground impedance is considered to be Z,¢, and the modified relationship between
the branch voltage and branch current can be obtained as follows:

{ mench } — [ mench 0 ] [ ibmnch } (14)
USG 0 ZSG isG
Z/bmnch

where Zy,;,,;, represents the branch impedance matrix for the ST, and U, and i denote
the voltage and current of ground impedance, respectively.
Furthermore, the modified branch admittance matrix Gy, is derived as follows:

|: ibr'unch ] _ |: Zb_r;nch 01 :| |: ubrunch :| (15)
156 0 Z- Z
G/bmnch

The conversion matrix N in Equation (10) may be rewritten as Ny

Usa 100 0 0 0 17|Upa
Usp 010 0 0 0 1f]|Ups
Usc 001 0 0 0 1|]|Usc
Uga|l = |1 00 =1 0 0 1| |Uya
Uy 010 0 -1 0 1| |Uys (16)
U, C 0 01 O 0 -1 1 Usyc
Ug 000 0 0 0 1J]|Ug
Nl

In this way, the conversion matrix N; in Equation (11) can be modified as N

M ] 10 0 1 0 0 0] [ipal
isp 0100 10 0f]ipm
isc 00100 1 0fic
ival = [0 001 0 0 0f|igs
ivg 0000 10 0f|igg (17)
iyC 0000 0 1 0|]ig
i 0 0 000 0 1] Ligl
N;

Therefore, the modified nodal admittance matrix G/, ;,

on the ST’s primary windings can be acquired as follows:

involving the ground impedance

; = NIZG/brancthil (18)

node

3. Short-Circuit Calculation for Electric Power Network Based on the Phase
Coordinate Method
3.1. Modeling of Electric Power Network Using the Phase Coordinate Method

An electric power network is usually represented by a nodal admittance network.
Therefore, the fault location is added as a new bus to convert the line fault into a bus fault.
In this paper, the bus fault is considered in the phase domain.

The nodal network equation of a power system can be described as follows:

Yiu - Y u, i
: : : = : (19)
Ynl e Ynn Un in
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where Y; denotes the mutual admittance between the ith bus and the jth bus. i; denotes
current injected at the ith bus, and U; is the voltage at the ith bus. The specific elements in
Equation (19) can be demonstrated as follows:

YAA YAB YAC

ij ij lé LIZ-A iiA
BA BB C . .

Yij = Yz] Yé 1 , Uy = uiB s b= Lis
CA B /

Yz] Yl] Yz] uiC lic

3.2. Single-Phase-to-Ground Fault

When an A-phase-to-ground fault occurs, the voltage at the additional ith bus U/, = 0.
Meanwhile, a current source i is added as the equivalent short-circuit current at the ith

bus,ie,if = [ifsa 0 0 }T. Equation (19) can then be modified as follows:

[ Yii Yo o0 Yoo Yy T Up ] fip ] [ 07
Yor Yo o0 Yy oo Yoy u, i 0
: : : : : : : I R O I 20
Yo Yo -0 Yi o0 Y u; i if (20)
LY Y2 - Ynz' oo Y 1L Uy L In U L 0 |

Equation (20) can be further rewritten as

[ Yn Yo oo Yy oo Y ([ U] [ i1 ]
You Yoo o0 Yy oo Yy u, iy
: : : : : : : _ 1
Yo Yo oo Y, oo Y u; i @
L Ynl YnZ l/m' Ynn 4L un . L in _
where .
u = [ia Up U ] (22)
It should be noted that the admittances Y;; and Y;; are modified as follows:
0 YpP Y,’{:C 1A v
v, = |0 Y i |y o | o yhe oyl (23)
0 YCB YéC 0 YCB YCC

In order to apply this calculation method to other short-circuit faults, it is defined that

Y; Y;iT; and Y;; = Y;;T; 4 Ty, and the coefficient matrices T1 and T can be deduced:
0 0O -1 0 0
T,—=|o10|,Th,=]0 00 (24)
0 0 1 0 00

Meanwhile, the voltage and the short-circuit current at the ith bus can be concluded:
u; = T U; (25)

ir = —ToU; (26)
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3.3. Other Short-Circuit Faults

For a fault between phase A and B, the voltage at the ith bus and the short-circuit
current are given as follows:

{ Uia = Up 27)
IfA = —IfB
u; = [ Uia iga Ui ]T (28)

In accordance with the calculation method in the previous subsection, the modified
admittance matrices Y;;” and Y;;" can be deduced as follows:

Yot + YRt 0 vpe YAA 4 YAB 1 yAC
11 11 11
R i PR I I R T ¢l B
¢a | B C
YijAJrYgB 0 Yijc Vit +Yim 0 Y

The coefficient matrices T and T, are obtained:

1 00 0 -1 0
Ih =100, To= |0 1 O (30)
0 01 0 0 O

Similarly, the coefficient matrices T and T, for different short-circuit faults can be
deduced. U;’, T1, and T, for different short-circuit faults are listed in Table 1. Therefore,
the admittance matrix can be modified to calculate the short-circuit currents for various
short-circuit faults.

Table 1. The coefficient matrices for different short-circuit faults.

Faults u;’ T, T,
Phase-A-to-ground [ ifa ] [0 0 0] -1 0 0
fault U 010 0 00
| Uic | L0 0 1 | 0 0 0
Phase-A-to-phase-B [ Uip ] [1 0 0] 0 -1 0
fault ira 1 00 0 1 0
| Uic | |0 0 1 | 0 0 0
Both phase-A- and Cifa ] "0 0 01 1 0 o
phase-B-to-ground :
fault 'fB 000 0 -10
| Uc | 10 0 1 | 0 0 0
[ Uia ]| [1 0 0] 0 -1 0
Three-phase fault ifa 10 0 0 0 —1
| i 1.0 0 | 0 1 1
Three;EEis:s-to- Cipa ] "0 0 01 1 0 o
Bt ir 00 0 0 -1 0
L ic ] 10 0 0| 0 0 -1
Phase-A-to-ground ia T "0 0 017 10 o
and phase-B-to-phase
C fault U 010 0o 0 -1
| i L0 1 0 | 0 0 1
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4. Case Studies
4.1. Validation of the Proposed Model

In order to verify the effectiveness of the proposed short-circuit fault model for the
ST, case studies were carried out on the equivalent two-bus system shown in Figure 4,
involving all possible short-circuit faults. The parameters of the electrical system originate
from [14] and are listed in Table 2. The model introduced in [14] is also adopted for
comparison in this paper.

Zsa isa Usa

Sen Transformer
with ground
impedance
Zss iss Uss

Zsc  isc Usc

Figure 4. The equivalent circuit diagram for short-circuit analysis.

Table 2. The main parameters and settings for the case studies.

Parameters Value
Base values 160 MVA, 138 kV
Sending end line-to-line voltage 1£0°
Receiving end line-to-line 1£-20°
Source impedance at the sending end 1.0053 3, 19.17 mH
Source impedance at the receiving end 00, 0mH
Transmission line impedance 3.0159 (), 59.19 mH
Rating of the ST transformer 30 MVA
Single-transformer leakage reactance of the ST 15.73 mH
Ground impedance 40

Firstly, the number of secondary winding turns for ST was acquired according to the
series-connected compensating voltage. The compensating voltage Uy of 0.2 p.u. at an
angle B of 120° was set in this case. Furthermore, the self and mutual inductances of a
ST can be calculated based on its unified magnetic equivalent circuit (UMEC), as shown
in [17]. Thus, the admittance matrix for the fully decoupled mathematical model of the
ST was obtained. Subsequently, the fault voltage vector U;” and the coefficient matrices
T1 and T, can be obtained based on the types of short-circuit fault, and the admittances
Y;; and Yj; in (19) are then modified as Y;;" and Y;;". Consequently, the short-circuit current
ir and voltage Uy for different short-circuit faults can be calculated, as shown in Table 3.
Meanwhile, the time-domain simulation results using the PSCAD/EMTDC are also listed
in Table 3.



Energies 2021, 14, 5638

11 of 18

Table 3. The comparison of fault analysis between analytic and simulated studies for different short-circuit faults.

Simulation Results Analytic Results Relative Errors
Faults US/A 1fA US/A lfA AUS/A A'lfA
Uyg |/kV iﬂ; /KA Uyg |/kV iﬂ; /KA AUgg /% Aiﬂ; 1%
US’C 1fC US’C 1fC AUS,C Alfc
Phase-A-to-ground [0 [ 12.63 [0 ] [ 12.58 [0 —0.40
fault 77.28 0 77.53 0 0.32 0
| 7859 | o0 | 7817 | o0 | 053 | 0
Phase-A-to-phase B 36.27 [ 12.67 ] [ 36.28 [ 12.73 ] 0.03 [ 047 T
fault 36.27 12.67 36.28 12.73 0.03 0.47
| 7253 | o0 | | 7243 | o0 | | —0.14 | 0|
Bﬁiﬁﬁfﬁ’fgiﬁi [0 ] [ 13.95 ] [0 ] [13.99 ] [0 ] [0.29 ]
P faultg 0 13.71 0 13.78 0 0.51
| 81.24 | o0 | | 8118 | o0 | 0,07 | o0 |
Three;—phr?;e—to— 0 [ 14.62 0 [ 14.65 ] 0 0.21
gfoult 0 14.62 0 14.57 0 —0.34
a 0 | 14.62 | 0 | 14.73 | 0 0.75
Phase-A-to-ground
and 0 [ 12.63 ] 0 [ 12.59 ] 0 [ —0.32 ]
phase-B-to-phase-C 46.15 12.66 45.37 12.61 —1.69 —0.39
fault 46.15 | 12.66 | 45.37 | 12.61 | —-1.69 | —0.39 |

It can be seen from Table 3 that the analytic results including the short-circuit current
ir and the voltage Uy at the receiving end of the ST were basically consistent with the
simulation results using PSCAD/EMTDC. The range of difference was —1.7-0.027%, which
proves the effectiveness of the proposed model. The cause of the difference may be the
multi-winding coupling of the ST and the ground impedance on the ST’s primary windings,
which was ignored in [14]. At the same time, the short-circuit currents were unbalanced
for phase A, phase B, and phase C when the symmetrical faults occurred in transmission
lines such as the three-phase-to-ground fault. The reason is that the mutual inductances
between all windings of the ST were considered in the phase coordinate model for the
ST. The mutual inductances between phases were not equal due to the asymmetrical core,
resulting in the unbalanced system operation.

4.2. Short-Circuit Current Analysis of ST for Different Operational Modes

Since a ST can inject a variable compensating voltage into the power system, it may
have a non-negligible effect on the fault currents flowing through the ST. Therefore, in
order to fully analyze the influence of the ST on short-circuit currents in various operational
modes, the calculation is carried out under the following conditions: the angle § was varied
at a discrete step of 30° in the range of 0° to 360°, and the series-connected compensating
voltage of the ST was kept constant at 0.1 p.u. or 0.2 p.u. The variations of short-circuit
currents for the single-phase-to-ground and three-phase-to-ground faults at varying phase
angles are shown in Figures 5 and 6, respectively.
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Figure 5. The short-circuit currents for single-phase-to-ground faults.
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Figure 6. The short-circuit currents for three-phase-to-ground faults.

It can be seen from Figure 5 that the short-circuit current for the compensated mode
was less than that for the uncompensated mode during the single-phase-to-ground faults,
and the fault current for U, = 0.2 p.u. was smallest among them. The trajectories of
the short-circuit currents are approximately symmetric about 0°. When the angle of the
injected voltage varied from 0° to 180°, the short-circuit current magnitude reached the
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maximum at 120° and the minimum at 180°. The variation of the short-circuit currents for
the compensated mode can be generalized as a trend of decreasing in the region of 0° to
60° and 120° to 180° and increasing when B was varied from 60° to 120°. The maximum
reduction of short-circuit currents reached 27.04% for Uy = 0.2 p.u. and 14.31% for U =0.1
p-u. The reasons for the above phenomena in the single-phase-to-ground faults can be
described as follows:

1. The dominant components of the series-injected voltage in phase A are the induced
voltages from the series windings b1l and c1 when a single-phase-to-ground fault
occurs. Because the phase difference between the compensating voltage and the
sending-end voltage source in phase A is over 120°, it has a negative effect on the
voltage magnitude of phase A and further results in lower fault currents.

2. In the process of increasing f from 0° to 180°, the number of series winding turns
showed a trend of increase in the ranges of 0° to 60° and 120° to 180°, and decreased
gradually from 60° to 120°. The equivalent impedance brought by the ST followed
the same trend as the number of series winding turns. This can explain the opposite
phenomenon that happened on the fault currents for the compensated mode.

The short-circuit currents for the three-phase-to-ground faults, as shown in Figure 6,
were also symmetric about 0°. However, there were some features different from those
shown in Figure 5. In the range of 0° to 180°, the fault currents for the compensated mode
were less than those for the uncompensated mode when the angle of injected voltage was
less than 90°, and the fault current for Uy = 0.2 p.u. was less than that for Uy = 0.1 p.u.
The opposite happened when f is greater than 90°. Additionally, both increased gradually
in the operational region of 0° to 180°. For the compensating voltage at 0.2 p.u., the
short-circuit currents reached a maximum of 12.32 kA and a minimum of 8.87 kA. The
short-circuit current reached a maximum of 11.86 kA and a minimum of 9.85 kA when the
compensation voltage was equal to 0.1 p.u.

When a three-phase-to-ground fault occurs, a system with a ST can be simplified as
shown in Figure 7 by ignoring the asymmetrical mutual inductances between phases in ST.
In this situation, the ST can be equivalent to a combination of an ideal ST without internal
resistance and an equivalent impedance in series. The fault current flowing through the ST
can be approximately calculated as follows:

B u B kU
kZs + 4T k[*Zs + Zsr

i,sT (31)

where k = 1+ Ze/f, which is the voltage ratio of the ST. ¢ stands for the magnitude
of the series-connected compensating voltage Uyy. ZsT and Zg represent the equivalent
impedances of the ST and the sending end, separately. U denotes the voltage of the
sending-end resource.

Sending-End

Resource . Us 1.k Us .
i» /s ! /st

The equivalent circuit of ST
Figure 7. The equivalent circuit after a three-phase-to-ground fault.

It can be seen from Equation (31) that the magnitude of the short-circuit current
is mainly affected by 1/ k| if Zgr is considered to be 0. The variation of 1/|k| with the
compensation phase angle is shown in Figure 8.
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Figure 8. The variation of 1/ |k| under different phase angles of compensating voltage.

It can be observed from Figure 8 that 1/ |k| gradually increased in the range of 0° to
180°, which may have caused the same trend of the fault current. Moreover, when the
compensation angle was greater than 90°, 1/ |k| for ¢ = 0.1 p.u. was greater than that for
¢ = 0.2 p.u. while it was opposite in the range of 0° to 90°. This may lead to the same
phenomenon as shown in Figure 6.

From the above cases, the effect of the ST on the fault current is revealed. The effect
was variable with the different compensating voltage and fault types. Moreover, it also
highlights the potential ability of ST in restraining fault current. In addition, the adjustment
of system protection with the addition of a ST is worthy of study.

4.3. Transient Behavior of Different Faults for ST

In order to further study the transient processes of the ST when a short-circuit occurred,
the short-circuit model of ST in the phase domain was transformed into the time-domain
model. Figure 9 shows the detailed conversion processes of short-circuit model.

In this case, the short-circuit faults were set at the receiving end of the ST and the fault
time was set at 0.1 s. The compensating voltage Uy of 0.2 p.u. was set with the phase angle
B of 120°.

In accordance with the proposed method, the short-circuit currents of ST after different
faults were obtained as shown in Figure 10.

As shown in Figure 10, the current peak values for the four types of short-circuit
fault reached over 20 kA, and decayed to steady-state after 0.18 s. The peak value for
the three-phase-to-ground fault was the highest among them, exceeding 25 kA. When a
single-phase fault happened, the currents of the other two phases (healthy phases) were
also obviously affected. Due to the coupling between the windings of the ST, a fault in any
one phase will affect the compensation voltage in other two phases, resulting in the current
changes presented in Figure 10a.
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Figure 9. The conversion processes of short-circuit model.
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Figure 10. Three-phase fault currents of series windings for (a) single-phase-to-ground fault, (b) in-
terphase fault, (c) two-phase-to-ground fault, and (d) three-phase-to-ground fault.

5. Conclusions

In this paper, a short-circuit model of a ST considering the mutual inductance between
all windings of the ST and the ground impedance on its primary side for the phase
coordinate method is proposed. The validity of the proposed model was verified by
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comparison between the results from the analytic calculation utilizing MATLAB and
the time-domain simulation using PSCAD/EMTDC. Moreover, additional findings or
perceptions were as follows:

1.

The results calculated by the proposed method are in good agreement with the
simulation results determined using PSCAD/EMTDC, with an error range of —1.69%
to 0.75%. Moreover, the proposed phase coordinate model of ST accurately accounted
for the mutual inductances between the windings of the ST. The influence of the
unbalanced system parameters and ground impedance was also considered in the
short-circuit calculation. These factors introduced in the proposed model make it
possible to interconnect a ST with the associated grounding system for a proper
evaluation of current distribution in the case of ground faults.

The effect of the ST on the short-circuit currents was evaluated. It was found that the
main influencing factors were the magnitude and phase angle of the compensation
voltage and the equivalent impedance, which varied with the number of winding
turns. In most cases, it had a negative effect on the short-circuit currents. After
a single-phase-to-ground fault occurred, the maximum reduction of short-circuit
currents reached 27.04% for the compensating voltage Uy of 0.2 p.u. and 14.31%
when Uy = 0.1 p.u.

The ability of the ST to limit the short-circuit current was identified. This may be a
point of concern when designing control strategies for STs. In addition, the impact
of this ability on the design and setting of transmission protection systems is worth
exploring further.
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Appendix A

The specific elements in the branch impedance matrix (5) are demonstrated as follows:

Zg A = Zpa Zsca = Zca
Zsg B = ZBB Zsc B = ZcB
Zss.c = Zpc Zsc.c = Zcc

ZsB.a = ZBal + ZBb1 + ZBc1 Zsca = Zca1 +Zcov1 + Zca
ZB b = ZBa2 + Zpby + ZBe2 Zsc v = Zcar + Zeva + Zce
Z ¢ = ZBa3z + ZBv3 + ZBe3 Zsc ¢ = Zcaz + Zcps + Zcea

Zsp A = ZaoA + Zipa + Zoa Zsie A = Zaza + Zpza + Zs3a
Zs B = Za2B + ZpoB + Zo2B Zse 8 = Za3 + Zp3 + Z3B
Zsp ¢ = Zarc + Zpoc + Zoc Zse ¢ = Zazc + Zpzc + Zeac
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Zsp_a = Zazal T Zab1 + Zazel + Zp2a1 + Zb2bv1 + Zb2ct
+Zc2a1 + Zc2b1 + Zchl

Zsw b = Zazaz + Zaow2 + Zazeza + Zp2a2 + Z2v2 + Zb2e2
+Za2 + Zeop2 + Ze2e2

Zsia_c = Za2asz + Za2b3 + Zaze3 + Ziaz + Ziobs + Zb23
+Zc2a3 + Zc2b3 + Zc2c3

Zsica = Zazal T Zasb1l T Zazcl + Zbzal + Zb3b1 + Zbacl
+Z3a1 + Ze3b1 + Zesel

Zsic b = Zazaz + Zazp2 + Zascz + Zpza2 + Zpsb2 + Zvae2
+Z3a2 + Ze3p2 + Ze3e2

Zsic ¢ = Zaza3 + Zazbs t+ Za3c3 + Zb3az + Zvavs + Zbses
+Z3a3 + Ze3b3 + Ze3e3

Appendix B
The specific elements in Figure 3 are demonstrated as follows:
GsAA = GsA_A + Gsla_A + GsA_a + Gs/afa Gs/Aa = _Gs/afa
GsAB = GsA_B + Gsla_B + GsA_b + Gsla_b GslAb - _Gs/a_b
GsAC = GsAfC + Gs/aLC + GsAfc + Gs/a_c Gs/Ac = _Gs/a_c
GseB = GsB_B + Goo_B + GsB_b + Gerb_b Gseb = — G b
GsBC = GsB_C + Gs/b_C + GsB_c + Gs/b_c Gsch = _Gs/b_c
GsCC = G’sCfC + Gs/ch + GsCfc + Gs/c_c Gs/Cc = _Gslc_c
Gs/AA = _GsA_a - Gs/afa
GsAb = 7GsA_b - Gsla_b
GsAc = _GsAfc - Gs/a_c
GsBa = _GSB_a - Gs/bfa
Gs/BB = 7GsB_b - Gs/b_b

GsBc - _GsB_c - Gs/b_c
GsCa = _GsCfa - Gs/c_a
Gscb = —Gscb — Gsre b

GsCC - _GsC_c - Gs/c_c
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