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In flexible AC transmission systems, the “Sen” transformer (ST) is an economical and effective method for
voltage regulation and power flow control, which can achieve independent control of active and reactive power.
The ST is a three-phase multi-winding transformer based on the on-load tap-changing technology. In order to
reveal the internal characteristics of the ST, this paper proposes an analytical electromagnetic model considering
the multi-winding coupling in the ST with the three-phase three-limb structure. Firstly, according to the elec-
tromagnetic coupling relationship in the ST, a magnetic equivalent circuit model consisting of self-inductance
coefficients and mutual inductance is derived via the unified magnetic equivalent circuit (UMEC). Secondly, an
electric circuit model for the internal voltage and current of the ST is established based on the electrical con-
nection between the ST and the external system. Finally, an analytical electromagnetic model considering multi-
winding coupling for the ST is obtained by combining the magnetic equivalent circuit model and the electric
circuit model. Two case studies have been carried out on a three-phase three-limb model of the ST with the help
of MATLAB. The effectiveness of the proposed model is verified by comparing the obtained analytic results with
the existing results from time-domain simulation about the series compensating voltage of the ST. In addition,
the voltages and currents of windings in the ST in the conditions of different transformer core structures and

ferromagnetic materials are investigated for evaluating the influence of magnetic coupling on the results.

1. Introduction

With the large-scale integration of renewable energy sources, it has
been becoming more and more difficult for the voltage regulation and
the optimal power flow control in complex power networks with UHV
(Ultra High Voltage) transmission lines as the backbones[1,2]. The
unified power-flow controller (UPFC) is an important way to solve the
problems of voltage regulation and power flow control [3,4]. However,
the high installation and operation costs prevent the UPFC from
widespread applications. The “Sen” transformer (ST), as proposed in
[5], has the ability of controlling active and reactive power flow in-
dependently. Compared with UPFC, the ST is lower in cost, higher in
reliability and efficiency [6-8], although reducing the accuracy and
dynamic performance [9]. The ST is a typical electromagnetic unified
power flow controller, and is usually based on a three-phase multi-
winding transformer. By changing the position of secondary winding
taps, the ST can generate different voltages, achieving the adjustment of
power flow. The adjustment performances between the “Sen” trans-
former and phase angle regulator (PAR) were compared in [10,11]. The
results showed that the overall reactive power of the ST was lower than

that of the PAR for enhancing the required amount of active power
flow. Therefore, the “Sen” transformer is expected to be a device that
will have widespread applications in flexible AC transmission systems
(FACTS).

As a matter of fact, the ST is a technology based on transformers and
tap-changers. From the perspective of the development of electrical
topologies and structural variants, many researchers have optimized
the topology of the ST for the purpose of improving its power flow
control performance. For example, some novel topologies of the ST
were proposed in [12-15] for the sake of achieving continuous power
flow control of existing transmission lines and improving the utilization
rate of existing transmission lines. These topologies include the hybrid
electromagnetic unified power flow controller (HEUPFC), the improved
hybrid unified power flow controller (IHUPFC) and the power tran-
sistor-assisted “Sen” transformer (TAST) which consists of a high-ca-
pacity ST and a small capacity UPFC. A new structure of the ST was
presented in [16], which employs three neutral winding transformers
for negative compensating voltage. From the perspective of the devel-
opment of tap changer control algorithms, an optimal combination al-
gorithm of tap-settings for the voltage compensating windings of the ST
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Fig. 1. Schematic of the ST and its connection to the transmission network [20].

was demonstrated in [17,18], which takes the voltage output of the
secondary side of the ST in series as the control objective. Furthermore,
a new control strategy with the reversal adjustment of tap changers for
the ST is proposed in [19], which may increase the number of operating
points for tap-changer and improve the control range and the accuracy
of voltage regulation. From the perspective of the development of
transient model for the ST, different types of modelling approaches
have been proposed by scholars in order to further analyze the power
flow control performance of the “Sen”

transformer. So there are various mathematical and simulation-
based models to investigate the ST. In [21], a detailed real-time elec-
tromagnetic transient model of the ST was developed with C pro-
gramming language in the MATLAB/SIMULINK environment. Further-
more, another electromagnetic transient model for the ST was provided
in [20], which is based on the Norton equivalent circuit corresponding
to the magnetic circuit of the ST. Besides, the real-time simulation of
the ST was realized by field-programmable gate array (FPGA). Never-
theless, these modeling methods mainly study the external character-
istics of the ST and there is no complete analysis for the internal
characteristics of the ST. Thus the mechanism about the internal elec-
tromagnetic characteristics of the ST has not been revealed. In addition,
not much is reported in the literature on the transformer model con-
sidering the coupling effect in the ST. Based on the ideal single-phase
transformers in the PSCAD/EMTDC environment and MATLAB/Simu-
link, a few simplified models were developed for the ST in [22-25].
However, these simplified models do not involve the mutual coupling
between compensating windings, and hence their accuracies are com-
promised. The ST may has a structure of three-phase three-limb multi-
winding transformer, so it is necessary to consider the mutual coupling
for modeling the ST. In this paper, a unified magnetic equivalent circuit
(UMEC) based analytical electromagnetic model is proposed for the ST
used in the transmission network. The proposed model involves the
core topology of the ST and characterizes the asymmetric magnetic
circuit of the three-phase three-limb transformer. The proposed model
is expected to reflect the internal electromagnetic characteristics of the
ST more accurately and improve the performance of the ST in case of
series compensating voltage better. Two case studies have been carried
out on a three-phase three-limb model of the ST using MATLAB. The
effectiveness of the proposed analytical electromagnetic model is ver-
ified by comparing the obtained analytic results with the existing re-
sults from time-domain simulation about the series compensating vol-
tage of the ST.

This paper is organized as follows. Section 2 describes the basic
principle of the ST and proposes an analytical electromagnetic model
for the ST including the magnetic part and the electrical part described
in Sections 2B and C, respectively. Case 1 of Section 3 analyzes the
influence of magnetic coupling on the analytical results. Moreover, the
effects of different transformer core structure and different ferromag-
netic materials on the voltage and current of the ST windings are in-
vestigated. Case 2 of Section 3 details the time-domain simulation of
series compensating voltage. Results of series compensating voltage
from the proposed model are compared with the results of simulation
experiments in [17] and [20]. Conclusions are summarized in Section 4.

2. An analytical electromagnetic model of the “Sen” transformer

The electromagnetic behavior of the ST is determined by two types
of constraints, i.e., external electric circuits and internal magnetic
fields. The electric circuit equations reflecting the electrical character-
istics mainly involving the external port and the magnetic circuit
equations representing the magnetic features about the internal mag-
netic field distribution are interlinked or interacted according to the
principle of electromagnetic induction. So the analytical equations
considering multi-winding coupling for the ST should be established to
solve the problem, which may reveal the working mechanism of the
transformer more accurately and satisfy the needs of system-level
analysis better [26,27].

2.1. Operating principle of the ST

The schematic of the ST applied to a transmission line is shown in
Fig. 1. The ST injects a combined compensating voltage, Vsr,., which is
generated by the transformer’s secondary windings that are connected
in series. The compensating voltage of variable magnitude and angles
can change the magnitude and angle of the sending-end voltage, V;, to
the effective sending-end voltage, Vsr;, enabling independent control
of active and reactive power [21].

As seen from Fig. 1, the ST has two main units: an exciter unit and a
compensating-voltage unit. The exciter unit consists of Y-connected
shunt primary windings with phases A, B, and C and the compensating-
voltage unit consists of nine secondary windings, three of which are
placed on each limb of the core e.g., a;, as, and a3 on the first limb, b,,
b,, and b3 on the second limb, and ¢y, ¢, and c3 on the third limb. The
three-phase transmission line voltages denoted by Vsr,q, Vsrps, and
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Vsrpe at the sending-end are applied in shunt to the exciter unit. The
induced voltages from three windings that are placed on three different
limbs are added through series connection to produce the compensating
voltage for injection in series with the transmission line, e.g., windings
ay, by, and c; for injecting into phase-A, as, by and c, for injecting into
phase-B, and as, b; and c; for injecting into phase-C. The magnitude of
the three 120° phase-shifted induced voltages are varied through active
turns in the compensating windings. In this way, the composite voltage
becomes variable in magnitude as well as in phase angle (0-360°).

In addition, it is essential for the potential application of the ST to
do optimal power flow studies with different objective functions, such
as maximizing the available transfer capability (ATC) [7], minimizing
congestion cost [8] and the active power loss [22]. The series com-
pensating voltage Vsr, for the ST is usually used as a control variable,
which can be acquired according to the corresponding optimal power
flow algorithm. Subsequently, the number of winding turns can be
obtained using the tap-setting algorithm [17].

2.2. Magnetic equivalent circuit model of the ST

The magnetic equivalent circuit representation of the three-phase
three-limb ST is shown in Fig. 2 on the basis of unified magnetic
equivalent circuit (UMEC). Each limb consists of three types of per-
meances [20,28].

(1) Magnetomotive force (mmf) sources, Naisr,pa, Npistpp and Neistpe,
generated by the current flow through the primary windings in
phases A; Ba and C; respectively; NaliST;sa: NaziST:sb: Na3iST;sc;
Np1istysas Np2istrsby Nosistse> Neistsas Nezispsp and Nesisr, s are gen-
erated by the current flow through the secondary windings in
phases A, B, and C, respectively;

(2) Iron core permeances, P,, Pg, and P represent iron core per-
meances for primary windings in phases A, B, and C, respectively;
Pa1, Pao, Pys, Py, Ppo, Pps, P, Peo and P.s represent iron core per-
meances for secondary windings in phases A, B, and C, respectively;
Py, and Py, represent yoke between phase-A and phase-B, and
phase-B and phase-C, respectively;
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Fig. 2. Magnetic equivalent circuit representation for the iron core of the ST.
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(3) Leakage air permeances and zero-sequence permeances, Py, Pigo,
Pias, Piass P, P2, Piv3, Pivas Pic1s Pica, Pics and P4 represent the ST
leakage air permeances in phases A, B and C, respectively; Py, Ppo,
P, represent the ST zero-sequence permeances in phases A, B and
C, respectively.

Assuming the limb length and leakage inductance are equally di-
vided amongst the primary and secondary windings, the iron core
permeances and the leakage permeances can be obtained as,

S
Pre = —
Fe = e st @
P _ O~5)(leakage
leakage = — 57
27fN (2)

where pg. is the core permeance determined by the B-H curve of the
ferromagnetic material; S is the cross-sectional area and L is the limb
length; N is the number of winding turns; Xj.qg. is the leakage im-
pedance.

The relationship between the magnetic flux, branch permeances and
mmfs in the magnetic equivalent circuit of the ST satisfies the following
equation [29],

@& =P(Ni—0) 3)

where @, i, and 0 represent the n x 1 vector of the branch flux, winding
currents, and branch mmfs, respectively. P and N represent the n X n
diagonal matrix of branch permeances and the number of winding
turns, respectively.

According to Gauss' law of magnetism, the flux at each node must
sum to zero, i.e.,

AP =0 ()]

where A" is the node-branch connection matrix, and its entries can be 1,
—1, and O representing the branch flux entering, leaving, and dis-
connecting from the node, respectively.

The relationship between the branch mmfs 6 and nodal mmfs 6,,,4.
is as follows,

ABroqe = 6 )
Combining Egs. (3)—(5) can obtain Eq. (6)

& = MPNi (6)

where

M = I — PA(ATPA)'AT %)

and I is the identity matrix.

The excitation branch can be further divided into two parts: the
branch that flows through the winding coil with the magnetic flux @",
and the branch that does not flow through the winding coil with the
magnetic flux @, In the circumstances, Eq. (6) can be rewritten as Eq.

3.
[(DM] _ [MMM MMP] [ PM o ] [NMiM]
»P MPM  MPP 0 PP 0 (8)
For the UMEC model for the three-phase three-limb ST as depicted
in Fig. 2, Eq. (9) can be obtained by applying Eq. (8).
SM — MMMPMNMiM ©)

where MM is a 12 X 12 submatrix of M, @ and i™ are 12 X 1 vectors,
and PM and N are diagonal 12 x 12 matrices, given as,

M = [0 (1) Pp(t) Pc(t) Pu(t) Pp() Pu(t) P2 () Ppo(t) oo,
() () Pos () Ps(D]T

iM = [istpa () ist,pp () IsTpe(t) isTisa(t) isTisa(t) istsa (OisTp(E)

isr,op (8) st,sp () Gsr,se () sr,s0 (t) IsTse (DT
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PM = diag{P,(t) Ps(t) Pc(t) B (t) Py (t) Py()
B (t) Ppa(t) Ba(t) Pis(t) Pps(t) Rs()},

NM = diag {Ny (t) Ng(t) Nc (t) Nay () Np1 (£) Nt (£)
Nz (£) Npz (£) Nez (£) Ny (£) Np3 (£) Nes (£)}-

Since the relationship between the flux and flux linkage is
oM = (NM)-'LiM (10)

through combining Egs. (9) and (10), the inductance matrix of the ST
may be deduced as follows,

L = NMMMMPMNM 1)
where L is a 12 X 12 symmetric matrix.

Eq. (11) with branch permeances is the inductance matrix for the
ST, which is derived from the UMEC model. The main diagonal ele-
ments in the matrix L are the self-inductances of the primary and sec-
ondary windings, and the remains are the mutual inductances between
the windings. This means that the matrix L is a diagonal matrix only
containing the self-inductance coefficients if the multi-winding cou-
pling effect is not considered for the ST.

The self-inductance and mutual-inductance coefficients of the pri-
mary and secondary sides of the ST can be calculated using Eq. (11).
Moreover, the model with inductance coefficients for the voltage and
current of the ST can be obtained as,

Vst = riM + LpiM (12)

where p = d/dt, represents the differential operator, vsr represents a
12 x 1 terminal voltage vector, and r represents a 12 X 12 equivalent
internal resistance matrix of the ST. vgr and r can be written as

Vs1=[Vsr pa (£) Vs1,pp () Vsr,pc (£) Vsr,sa1(t)
Vst,sb1 (£) Vsrsc1 (£) Vst saz () Vsr,sp2 ()
Vsr,se2 (1) Vst,5a3 (1) Vsr,553 () Vsrise3 (D17,

r = diag{ra 1 Ic Ya1 o1 Te1 Yaz "oz Tea Ta3 T3 Tea}-

2.3. Electric circuit model of the ST

The electrical connection relationship between the ST and the
transmission network is demonstrated in Fig. 1, which includes the
system circuit, the primary excitation branch and the secondary series
branch for the ST. According to the electrical connection of the ST in
this transmission network, the following equations are able to be es-
tablished.

Vst,pa = Vsa — iST,aZS
VsT,pb = Vsb — IsT,pZs
VsT,pc = Vse — iST,ch (]_3)

isT,pa = IsT,a — IsTsa
ist,pp = IsT,b — IsTsb
isT,pc = IsT,c — IsT,sc a4

where Vgrpa, Vspp, and vsrpc represent the terminal voltages of the
primary windings in phase A, B, and C, respectively; Vs, Vs, and vy
represent the terminal voltages of the secondary windings in phase A, B,
and C, respectively; isr,q, isT,p, and isr,c represent the sending-end cur-
rents in phase A, B, and C, respectively; isr,pqa, isT,pb, and isrp represent
the currents of primary windings in phase A, B, and C, respectively;
isT,sas IsT,sb» and igsc represent the currents of secondary windings in
phase A, B, and C, respectively, which also denotes the line currents for
secondary windings in phase A, B, and C, respectively; Z; represents the
impedance of the sending-end.

The three-phase equivalent electric circuit for the primary winding
of the ST is shown in Fig. 3. Therefore, Eq. (15) can be obtained using
Kirchhoff's voltage law.
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Fig. 3. Three-phase equivalent electric circuit for the primary windings of the
ST.
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Fig. 4. Three-phase equivalent electric circuit for the secondary windings of the
ST.

Vst,pa = IsT,pa(Zst,pa + Zima)
Vst,pb = ist,pb (Zst,pb + Zmp)
VST pe = iST,pc (ZST,pL‘ + ZmC) (15)

where Zgsrpq, Zstpp, and Zsrp are the leakage impedances of the pri-
mary windings in phase A, B, and C, respectively; Z,;4, Zmp, and Z,,c are
the excitation impedances of the primary windings in phase A, B, and C,
respectively.

The three-phase equivalent electric circuit for the secondary wind-
ings of the ST is shown in Fig. 4. According to the series connection
between the sending-end and the receiving-end, Eq. (16) can be also
acquired by Kirchhoff's voltage law.

VST,sal + VST,sbl + VST,scl = Vsqg — iST,aZs - iST,sa (ZST,sa + ZTL + Zr) — Vra
Vst,sa2 + Vsrosb2 + Vst.se2 = Vs — dstpZs — istso(Zsrosp + Zrr + Zr) — Vip
VsT,sa3 + VsT,sb3 + VsT,se3 = Vse — Ist.cZs — ist.se(Zstise + Zrr + Zp) — Ve

a1e)

where Vsra1, Vst,sb1s VsTiscls VsT,sa2s VST,sh2s VsT,sc2s VsTisa3s VsTsb3, and
Vs,sc3 Tepresent the terminal voltages of the secondary windings in each
phase. Zgr 54, Zst s, and Zsrs. represent the internal impedance calcu-
lated from the secondary winding to the primary winding in phase A, B,
and C, respectively; Zr; represents the transmission line impedance
calculated from the secondary winding to the primary winding; Z, re-
presents the impedance calculated from the receiving-end of the system
side to the primary winding.

Moreover, the relationship between the individual transformer tap
position and the number of winding turns can be attained via

N=Q1+ ntaplstep)NO a7)

where Nj is the initial number of turns for the winding, n., is the tap
position, and I, is the step of tap changing.

As a result, the magnetic equivalent circuit model and the electric
circuit model for the ST can be solved through combining Egs.
(12)-(17), and the voltages and currents on the primary and secondary
windings of the ST can be obtained.

3. Simulation case studies
3.1. Case 1: Analytical electromagnetic analysis of the ST

In order to analyze the influence of multi-winding coupling on
electromagnetic analysis results, analytical calculations were carried

out using a nine-single-phase transformer bank and a three-phase three-
limb transformer with the same parameters. The parameters of the
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Table 1
Data for the electrical system and the ST.
Parameters Value
Base value 138 kV
Sending-end line-to-line voltage 120°
Receiving-end line-to-line voltage 12-20°
Source impedance at the sending-end 1.0053 Q and 19.17mH
Source impedance at the receiving-end 0 Q and 0 mH

Transmission line impedance
Resistance and inductance of the ST

3.0159 Q and 59.19 mH
1.7854 Q and 47.4 mH

length of the limb 7.18 m
cross-sectional area of iron core 0.454 m*
length of the yoke 2.66 m
cross-sectional area of iron yoke 0.454 m?
Single-transformer leakage reactance of the ST 15.73 mH
Turns of primary winding of the ST 64

Turns of primary winding of the ST 26
Number of taps for ST 8
Adjustment step of tap for the ST 0.05 p.u./step
Maximum position of tap for the ST 0.4 p.u.
Adjustment time of tap for the ST 0.5 s/step
frequency 50 Hz

electrical system and the ST are shown in Table 1. Generally speaking,
the relative permeability of silicon steel sheet ranges from 7000 to
10,000. The relative permeability of silicon steel sheet for the ST se-
lected in this paper is i, = 10,000 [30]. The case studies were con-
ducted in the environment of MATLAB.

The electromagnetic analysis results of the ST are given in Table 2.
It can be observed from a comparison of the analytical results between
with and without considering the multi-winding coupling that the range
of voltage amplitude difference is —5.80%~3.44%, the range of vol-
tage angle difference is —7°~3.3°; the range of current amplitude dif-
ference is —1.37%~1.63%, and the range of current angle difference is
—2.3°~2.4°. This implies that the multi-winding coupling effect has a
little effect on the analytical calculation results, but it should not be
ignored. However, when the phase-to-phase magnetic coupling is taken
into account, the equivalent magnetic circuit lengths of the three-phase
three-limb transformer are not equal due to the presence of the iron
yoke. This causes asymmetrical mutual inductance between phases,
which can lead to unbalanced winding voltages and branch currents.
Therefore, the results of winding voltages and branch currents for the

Electrical Power and Energy Systems 120 (2020) 106033

Fig. 5. A three-single-phase transformer bank and a three-phase three-limb
transformer with the triangular core.

ST will be inaccurate if the coupling effect is ignored.

The influence of magnetic circuit on the winding voltages and cur-
rents was analyzed for the ST with the three-phase three-limb structure.
The following analysis shows the effect of the phase-to-phase mutual
inductance on the winding voltages and currents for the nine-single-
phase transformer bank and the three-phase three-limb transformer with
the triangular core. The core structure is displayed in Fig. 5.

If the ST uses the nine-single-phase transformer bank structure, the
three-phase magnetic circuit is independent of each other and has no mu-
tual inductance effect, and therefore there are not unbalanced three-phase
voltages and currents. However, the shortcomings are larger consumption
of materials, higher prices and larger space requirements. Furthermore, the
analytical results for the ST using the nine-single-phase transformer struc-
ture are those without considering the winding coupling in Table 2. On the
other hand, when the ST uses the three-phase three-limb transformer with
the triangular core, the distances between the three branches of the core are
equal and therefore the magnetic circuit lengths are the same, so the mutual
inductance effects between the three phases are also the same. Conse-
quently, there will be no unbalanced three-phase voltages and currents
during the operation of the ST. The three-phase three-limb transformer with
the triangular structure has the advantages of saving materials, lower prices
and easier maintenance, but is more difficult to manufacture.

The biggest difference between the ST model of the nine- single-
phase transformer bank and the one of the three-phase three-limb
transformer with the triangular core is that the former has no magnetic
field coupling, while the latter has magnetic field coupling and its to-
pological magnetic field is symmetrical [31,32].

In order to study the influence of different iron core materials on the
voltages and currents of the ST windings, different relative

Table 2
Comparison between the analytical results of the ST without and with multi-winding coupling.

Current (A) or Voltage (kV) Without multi-winding coupling With multi-winding coupling Differences

Amplitude Angle Amplitude Angle Amplitude (%) Angle
Istpa 13.8 -90.7° 13.8 -90.7° 0 0°
Istpb 13.8 149.3° 13.8 149.3° 0 0°
Istpe 13.8 29.3° 13.8 29.3° 0 0°
Istsa 226.7 -91.8° 226.3 -89.4° -0.18 2.4°
Ists 226.7 148.2° 223.6 148.2° -1.37 0°
Iy 226.7 28.2° 230.4 25.9° 1.63 —-2.3°
Istq 240.4 -91.7° 240.1 —89.5° -0.12 2.2°
Istp 240.4 148.3° 237.4 148.3° -1.25 0°
It 240.4 28.3° 244.2 26.1° 1.58 —-2.2°
Vstpa 135.5 4.2° 132.9 5.0° -1.92 0.8°
Vsrpb 135.5 —115.8 136.2 -119.7° 0.52 -3.9°
Vstpe 135.5 124.2° 137.6 125.4° 1.55 1.2°
Vst,sa1 55.2 —-2.2° 55.8 -1.5° 1.09 0.7°
Vsr,sb1 55.2 -122.2° 55.0 -120.4° —0.36 1.8°
Vsrse1 55.2 117.8° 54.7 121.1° —-0.91 3.3°
Vst,sa2 55.2 —-2.2° 52.0 -5.2° —5.80 -3.0°
Vsr,s2 55.2 -122.2° 52.0 -124.7° —5.80 —2.5°
Vsrsc2 55.2 117.8° 52.1 115.8° —5.62 —-2.0°
Vst,sa3 55.2 —2.2° 56.6 -9.2° 2.54 -7°
Vst,s63 55.2 —-122.2° 56.5 -127.8° 2.36 —-5.6°
Vsrt,sca 55.2 117.8° 57.1 113.5° 3.44 —4.3°
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Fig. 6. Voltages and currents on the windings of the ST with different relative
permeabilities.

permeabilities are used for this case, the obtained winding voltages and
currents are plotted against the relative permeability in Fig. 6.

It can be found from Fig. 6 that the voltage of the ST winding goes
higher as the relative permeability of the core material increases. At the
same circumstance, the absolute amplitude of the voltage does not
change significantly, while the secondary winding currents of the ST
have different variations due to the amplitude and angle differences
between the sending-end voltage and the receiving-end voltage.

It should be mentioned that the saturation and hysteresis char-
acteristics of the iron core are not considered in order to simplify the
calculations.

3.2. Case 2: Time-domain simulation of series compensating voltage

Based on the analytical results with the relative permeability of
10,000, the transient responses of the ST were studied considering
various predetermined series voltage injections.

According to the adjustment scenario reported in [17], at the be-
ginning of the time-domain simulation, the ST works in the un-
compensated mode and the injected voltage is zero. At t; = 5 s a
compensating voltage of 0.2 p.u. with an angle of 120° is requested by
the controller, which means that the tap-setting on the secondary
winding of TG should start to increase to 0.2 p.u. with a step size of
0.05 p.u. and each step taking 0.5 s. Therefore, fromt; = 5stoty, = 7s
the tap-setting can increase to 0.2 p.u.. From t; = 14 s, the controller
sends a request to ST to inject a compensating voltage of 0.2 p.u. with
an angle of 60°. Therefore, the secondary winding tap-setting TG, needs
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Fig. 7. Injected series voltages and secondary winding currents of the ST during
the tap-changing process.

to be kept at 0.2 p.u. and TG; increases to 0.2 p.u.. From t3 = 14 s to
t, = 16 s, TG increases to the 0.2 p.u. position. Finally, at ts = 23 s,
the TG; and TG; winding voltages are further increased to 0.4 p.u. and
the angle of the injected voltage is equal to 60°. The transition of the
injected compensating voltage Vsr, from t = 0 s to 32 s is shown in
Fig. 7a. The transition of the ST secondary winding current Isr, is
shown in Fig. 7b. Voltage compensation was performed according to
the voltage regulation method in [20], i.e., when t < 0.5, Vsr,¢q = O,
B = 0% when 0.5s < t < 3.5s, Vgr,g = 0.25 p.u, B = 0°; when
355 <t <75s, Vsreq = 0.4 p.u., B = 240°. The series compensating
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Fig. 8. Injected series voltage during the tap-changing process.

voltage Vgr ., injected through the ST is shown in Fig. 8a. The series
compensating voltage V;, and the secondary winding current Iy, from
[17] and [20] are also plotted in Figs. 7 and 8 for comparison.

It may be seen from Figs. 7 and 8 that the compensating voltage
Vsr,ca and the secondary current Igr . do reach the expected values, all
of which closely agree with the corresponding results from Refs.
[17,20]. This also suggests that the analytical electromagnetic model
for the ST proposed in this paper is effective.

Appendix A
Magnetic equivalent circuit model of the ST

Algebraic equations of magnetic flux for each node

Dy — Qg — Dpg — Pgo =0

— ®p + @p + Ppc — Pppy — Ppo = 0
Pc — Ppc — Pper — Pp =0

— Dy + Pgy + Dy — Ppe2 =0
Pp — Ppy + Py — Pp2 = 0

— B¢ + D + Ppep — Ppe =0
= Qg1 + Doz + Doz — Praz =0
Dy — Ppy + Pppp — Pz =0
=Dy + Doy + Dy — D3 =0
— Dyr + D3 + Dpaz — Ppes = 0
Dpy — Pp3 + Pipz — Pipa =0
— D + Doz + D3 — Dpea =0

Connection matrix
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4. Conclusions

This paper proposes an analytical electromagnetic model enabling
consideration of the multi-winding magnetic coupling for the ST with
the three-phase three-limb structure. Two case studies were carried out
on a three-phase three-limb model of the ST using MATLAB. The ef-
fectiveness of the proposed model has been confirmed by comparing the
obtained electromagnetic analysis results with published voltage reg-
ulation simulation results for the ST. The following conclusions have
been drawn:

e The proposed model can take the core structure of the ST into ac-
count and characterize the asymmetry of the magnetic circuit in
case of a three-phase three-limb transformer, which can reflect the
internal electromagnetic characteristics of the ST more accurately.

o The multi-winding magnetic coupling has a relatively small effect on
the results. While the most obvious changes are found in the am-
plitude and phase angle of individual winding voltage and branch
current, the change in the amplitude does not exceed 6%, and the
change in the angle does not exceed 7°.
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