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Abstract: Complex phase shifting transformer protection scheme and complexity of the object itself
created a need to use simulation programs for their analysis. Often phase shifting transformer (PST)
are modeled as a simplified series impedance and quadrature voltage source which cannot be used
for power system protection analysis, especially in a transient condition. Therefore, the procedure of
building realistic PST model was presented by using available transformer models with calculation
of their parameters including interconnections between units. Paper consist calculations based on
case study with symmetrical dual-core PST example. Additionally, theoretical background of PST
principle, operation, and their impact of power system protection were introduced with numerus
examples of PST model verification.

Keywords: phase shifting transformer; power system modeling; protection system analysis

1. Introduction
1.1. Principle of Using Phase Shifting Transformer in the Grid

Increasing demand of the power flow control in the grid nowadays among others
is mainly costs by the numbers of installed renewable energy sources [1]. Therefore, it
is a need to control the power flow in the network. In the market could be found many
different solutions to change the power flow like, e.g., changing the impedance of the
circuit connecting two grids which in practice needs to build new over headline (OHL) and
it is very expensive solution. Another option is to regulate the voltage amplitude between
the grids which at some point might have a risk of achieving overvoltage for connected
electrical assets. The most popular and applicable solution is changing the phase angle
between the connected grids and for that reason phase shifting transformer (PST) is mostly
chosen [2].

To have general overview of the power flow regulation concept double infeed network
topology with parallel connection via OHLs (L1, L2) will be used for an explanation
(Figure 1a). To exchange the active power Psg between sending ES and receiving ER source
total impedance Zt there must be a phase shift & difference between the vector voltages of
Eg and Eg:

Ugs

T T

Psr = 1)

Equation (1) describe that power can be changed by adjusting the values of the
impedance (where: R is the total resistance and Xt reactance between the grids) which can
be observed in the power curve shown in Figure 1b (blue and red line) which corresponds
to the network configuration (Figure 1a—CB_L1 closed, CB_L2 open, by-pass—closed).
Grids ES and ER are connected only by line 1 and there can be observed that in the phase
angle ~95° maximum power can be transferred (1 p.u.).

By closing circuit breaker CB_L2 (PST by-pass still closed) grid ES and ER are now
connected with two lines L1 and L2 (Z;; = Zj,) in parallel the total impedance (Zr)
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decrease which allowed to increase the power exchange (Figure 1b red line). This solution
of changing the total impedance is “0” or “1” possible option to regulate the power flow. To
have more flexibility PST has been installed in series with line L2 (PST by-pass open) which
in the first moment decrease the power exchange because of the additional impedance
of PST (Zr—decreased, Figure 1b yellow line) even that now it is possible to control the
power flow by changing the phase angle by PST(assuming that Zpst = Xpsr):

@)

s-UL - sin &
X7 SL

Ppst =

PST allows to adjust the phase angle xg;, between the voltage vectors of the source
“S”—Us and the load “L”—Uy, side (Figure 1c), and this allows to control the flow of active
and reactive power in the branch with PST (Line L2) and in its network environment (line
L1). Additionally, it is also possible to control the magnitude of power and flow direction.
What is important to notice that the impedance of PST is changing depends on the gy, (2)
which have to be considered as well (see Section 2.3).
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Figure 1. (a) Double infeed network example, (b) power diagram over the phase angle between ES and ER, (c) example of

phase shifting transformer (PST) general view.

1.2. General Information about Power System Protection Scheme for PST

PST is mainly connected between two grids in a range of GVA power exchange and as
an example the cross border between the countries can be used and in Poland for instance
in almost all interconnections PSTs are installed where one single unit have a rated power
of 1.2 GVA [3].

This makes the object itself very important from strategic and system stability point of
view. That is why a lot of emphasis should be placed into the proper designing of Power
System Protection (PSP) concept and their testing procedure afterwards. The key aspect of
properly designed PSP is reliability considered in two most important goals:

e  Dependability—protection relay (as a part of PSP) must trip when called upon, which
means that in case of the fault inside the protected area (limited by used protection
functions) is required to disconnect faulty object from the source supply (open circuit
breaker) as fast as possible (for main protection time range for 220 kV network it is
about 120 ms including circuit breaker time [4]) to reduce the detrimental effect, e.g.,

of short circuit currents.
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e  Security—protection relay must not-trip when not supposed to. In relation to the
expected action from dependability can be referred by knowing that this time if the
fault is outside of the protected area protection relay should identify this condition
and not disconnect the healthy object (selectivity) from the network, which in the
worst case, can cost losing stability and at the end lead to the blackout especially if
considering disconnecting healthy PST where there was power exchange in a range of
GVA. This can be as an indication to the cascaded disconnecting of the power plant
near to the cross-border connection.

As has been described the proper design for the PSP force a need to know all aspects
related to the protected object in healthy and transient condition in order to properly choose
the protected function and calculated the threshold setting for them. PST can certainly be
considered as a non-standard object which makes that protection concept at some point
is getting to be complicated, and it is not easy to find the week points of the chosen PSP
concept which has been investigated in many works [5-9].

With the use of dedicated programs for short-circuit studies by use of electrodynamic
models it is possible to significantly increase the quality of the PSP scheme designing and
decrease the time needed for manual analysis [10,11]. Another important aspect is to have
the option to test the physical protection relays after they are selected by using the transient
signals from the short circuit studies performed in a dedicated software [12,13].

The key point of using this approach for designing and testing PSP by using described
approach is first to use software which has implemented advanced algorithms to calculate
the analog signals (current and voltages) and second of all (but not less important) is to
have dedicated model and describe it accurately. Mainly the object data are provided in the
factory test report or in the nameplate, e.g., power transformer where the information such
a rated voltage, power, vector group and short circuit voltage can be used to determine the
model data. With the example of PST even it is two interconnected power transformers it is
complicated to get a proper data for the modeling purposes if only PST data are provided
and there is a need to describe two separate units of transformers.

Over years many different models of PST have been presented [6,11,12,14-16] by
using different approach. Important to notice is that PST model based on series impedance
connection and quadrature voltage should not be used for a PSP studies as they are not
dedicated for these purposes. Only by using realistic interconnection of transformers can
give the proper results which could be used, and by that the main problem appear. How to
calculate the data of the separate units by having only the PST test results data (Table 1).
This PST example will be quoted often in this paper and used as real case study.

Among other very important aspects considered in this paper such a dedicated model,
presented test results of the real PSP verification the most valuable point from the authors
point of view is the element related to the recalculation of the transformers unit data based
on the PST nameplate only.

With briefly described most important background information’s about the principle
of using PST and protection concept before going deeper into the modeling topic and
possible impact of PST operation for selected protection functions is justified to shortly
discuss the types of PSTs and based on chosen example describe how they are working
internally in a healthy condition (reminder: it is a key element for proper PSP design).
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Table 1. Rated data of the modelled PST [3].

Description Parameter Unit
Rated power Sr 1200 MVA
Rated voltage Ur 410 kV
Rated current Ir 1690 A
Number of turns SUPrim/delta winding 1.345
Vector group 1IId S0-3/9
Phase shift adjustment (63 TAPs 32 and 0) OLTC + ARS in delta winding
Phase adjustment angle range in no-load condition asLo £20.1°
Phase adjustment angle range in load condition +13.4°
(1200 MVA and cosg = 1) SL._load —26.7°
Short-circuit voltage i d i isti k% XSL(-) 11.58%
ge in accordance with the characteristic o
OLTC/ARS positions Uk, OS1(0) 8.71 ﬁo
Uk% XSL(+) 11.58%
Load losses AP, in accordance with the characteristic (;zL(_) ;gg féVV\\/]
g L(0 .
OLTC/ARS positions OCSLE+; 2048 W
Short circuit zero-sequence impedance Zy 12.23 O

2. Construction and Operation of the Selected PST
2.1. General Informations about PST and Their Types Division

PSTs can be built on the basis of different construction solutions, i.e., different system
of connections of transformer units windings. The choice of the solution depends on the
end user requirements: rated voltage, power, maximum phase shift adjustment range oy,
regulation method (symmetric-asymmetric-independent). This makes that different PST
types solution can be chosen as: single or dual-core, 1- or 3-phase unit, direct or indirect
phase angle regulation. Determined division of PST has been presented in Figure 2.

| Number of cores |

| Regulation / Connection System ‘

| I ]

Single-core ‘ ‘ Dual-core | ‘ Symmetrical | ‘ Asymmetrical ‘ | Independent ‘
Phase shift is achieved by Two separate transformer The output voltage The output voltage The output voltage
connecting the windings in units: has an adjustable has an adjustable has an adjustable
an appropriate way. The on- * Serial unit: itis used to only phase angle, phase angle and phase angle & the
load tap-changer winding, apply quadrature voltage the voltage (no voltage magnitude voltage magnitude
which is connected to the AU to the relevant loaded PST). (no loaded PST). separately (no
input terminal, is phase, AU = +90°(+ a/2) AU = +90° loaded PST).
magnetically coupled with = Exciting unit: adjustment
the winding connected amplitude value of the
between the other two quadrature voltage |AU|.
phases (terminals).

Only active Active & reactive part of the power
Direct phase shift Indirect phase shift power can be can be controlled either combined
adjustmenta < 15° adjustment a > 15° controlled or separately

Figure 2. Division of PSTs by design and adjustment.

The publication focuses on dual core PST, which is one of the most complex variant of
PST and at the same time most frequently used in the network and thus requires extensive
PSP structure. Usually there are also the biggest problems with its correctness. Symmetric
dual-core PST consists of two separate transformer units: a serial unit (SU) and exciting
unit (EU) (Figure 3). SU and EU can be placed either in one or in two separate tanks.
However, due to the construction of this type of PST for power flow control at the level of
GVA values, they are most often made as two-cabinet units.
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Figure 3. Connection diagram of windings for symmetrical dual-core PST (vector group IIId S0-3/9).

2.2. Voltage Distribution inside the PST (Based on Selected Type)

For selected type of the regulation (symmetrical) primary winding of SU is configured
as a series winding—III or sometimes called “open winding” and in the symmetrical
solution the series winding is driven into two separate and identical (by number of turns)
coils. The beginning and the end of the series winding is named as a source—“S” and load
“L” side (referring to the power transformer primary and secondary side), and based on the
vector voltages on “S” and “L” side it is possible to say if the phase angle xg;, is positive or
negative. By the standard [17] definition it stands that:

e DPositive (advanced) asp—is when voltage vector (phase 1, 2, 3) of load side Uy, is
leading the relevant vector voltage (phase 1, 2, and 3) on the source side Us.

e  Negative (retard) ag —is when voltage vector (phase 1, 2, 3) of load side Uy, is lagging
the relevant vector voltage (phase 1, 2, and 3) on the source side Us.

Exactly between two coils of the series winding the primary winding of the exciting
unit is galvanically interconnected with a winding configuration of star connection with
neutral point—YN.

The secondary winding of SU is connected in a delta system which is supplied by the
secondary winding EU (regulation). The interconnection of secondary windings EU and
SU is made by taking into account the appropriate phase connection, so that the quadrature
voltage AU is placed at angle of +90° (£«gy,/2) to the voltage vector of the relevant phase
Us. The adjustment of the AU quadrature voltage (Figure 4) in this type of PST is carried
out indirectly by adjusting the ratio of the secondary winding of EU by changing the tap
position of on-load tap-changer (OLTC).
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Ay,

Figure 4. Quadrature voltage adjustment.

As was already introduced both—the value and sign (%) of the phase shift «g, can
be changed (Figure 4). The value of ag, is changed by the OLTC position adjustment and
sign is changed by the reorientation of the AU phase angle which is done by changing
either the vector group of the secondary winding EU (yn0-6) by using the reversing change
over selector or SU (d3-9) by using special switch Advanced-Retard Switch (ARS). Both
solutions are doing the same, means shifting the quadrature voltage AU by 180°.

For visualization purposes based on the example with using the numbers and voltages
vector diagram the “cooperation” between the particular winding of the SU and EU was
presented in Figure 5 (technical data of units are placed on the diagram). The information’s
provided when describing the symmetrical dual-tank PST solutions are relevant to the
Figure 5 referred to windings’ configurations shown in Figure 3 and rated data placed in

Table 1.
Us; = 2309kV£0° Uy = 2309KkV220° 340° © d3
Us; = 2309 KkV 2240° Uy, = 230.9KkV 2220° 200° T Hid9
Uss = 2309KkV 2£120° U3 = 2309kV £140° 100°
253 ~L3
AU; _Uig Ngy=1.345/2
S, L Qu’A\\
A YOV VOV ~
s, s, ) Ui a
180' — AUy o 180 —
"l YUiir
Uy g / =
L L _LU?K ”',

AU, = 80.6 kV £280° 260 Uiy,
AU, = 80.6kV £160° 140° ‘ !
AU; = 80.6kv 40" 20 [ "

a = 20° -20 v

a, = 20° =20 v Ynyno

as= 20" —20 Ups Ngy= 3.6384
Uy = 227.7kV210° 350° N,
Unz = 227.7kV £250° 260 T
Uns = 227.7kV 130" 1107

i1 & Uni—o 180°
et
o S, e
N; 0 N,
HNI

70

Ui =Un2s
Uz =Unay
w Us =Uniz

108.4kV £280°
108.4 kV £160°
108.4 kV 240°

260°
140°
20°

ny*
Uy = 62.6kV210° 350°
Uy, = 62.6kV £250° 260°
w Ups = 62.6kV2130° 110

inz

Figure 5. Voltage vector diagram for individual PST transformer units based on symmetrical, dual-tank solution with rated

voltage of 400 kV and maximum phase shift adjustment (£20°).

2.3. PST Load Condition Impact on the Phase Shift Adjustment

The incorporation of PST into the network branch causes the change of phase angles
not only due to the introduction of quadrature voltage by PST. It is also necessary to take
into account the influence on phase shift costs by the voltage drop AUpst on the PST
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180°

impedance Zpst, which may increase or decrease the PST regulation effect xgy . In order to
know the operating conditions of PST under load condition, it is necessary to divide PST
into two components [18]:

e ideal transformer without losses (internal impedance Zpst = 0 (2), which represents
the introduction of quadrature voltage AU;

e transformer with ratio 1:1 with losses (internal impedance Zpst # 0 2), which repre-
sents voltage drop on PST during the load condition.

Model of such representation of PST is shown on Figure 6.

-
180" Yol 0

Figure 6. (b) PST representation model for a load condition study and relevant vector diagrams visualization for load

condition impact on the phase shift for (a) advance and (c) retard position.

Based on the PST model for load condition (Figure 6) and knowing the source side
voltage Ug (reference) it is possible to calculate the load side voltage U’;, under the load
condition with additional information of the current Is = I} and the internal impedance on
the current OLTC TAP position (actual phase shift):

Ui = Us—AUpsy = Us — (Zpsr L), ®)

Assuming the correlations between the load side voltage U’r, under load condition
and voltage drop AUpgr on the internal impedance Zpst (by the nameplate driven as the
percentage value of the resistance Rpgre, and reactance Xpsre,):

Zpst- I, AUpgy (RPST% L -XPST%>

u, U 100 100

)

by using relations (4), we can drive an Equation (5) which will allowed to describe the
internal phase angle 3 value and by that at the end provide valuable information on how
the actual impedance Zpst and load parameters (current magnitude and power factor
cos@) can influence the final phase shift xgy :

Q)

B = arctg | I |- [[Xpgr- cos @1 — Rpst- sin @t |
Up, + | I |- [Xpgp- sin @1, + Rpsr- cos ¢ |

Considering the internal angle 3 (5) and the actual phase shift position in no-load
condition agy in loaded condition should be noticed (assuming that power is transferred
from source to load side of PST):

e for the advanced position “A” the actual phase shift xg;, 4 is lower compare to the
phase shift in no-load condition ag; o:

oS, A = g0 — B, (6)
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e  while for retard position “R” the actual phase shift xgy, R is higher compare to the
phase shift in no-load condition «g o:

asp, R = ogro + B (7)

Important information to know about the PST impedance is that this value for the
positive sequence impedance magnitude of the | Zlpgt | is changing nonlinearity depends
on the actual phase shift position (OLTC TAP position) where zero sequence impedance

| ZOpst | remain on the same value (Figure 7). Additionally, for comparison purposes of the

impedance changing over the TAP position in different objects autotransformer (Z1ATR
and Z0OATR) and power transformer (Z1TR and Z0TR) units data was used. It has been
found that the impedance curve Z1 PST (Figure 7) can be different from which method
(machine) was used to change the TAP position [19].

—— Z1PST —— ZOPST zAao o - Z1 ATR ----- 20 ATR
— TR — 20TR

< »

-1 0 +1
Negative (-) as. range OLTC TAP Positive (+) as, range
adjustment possition adjustment

Figure 7. PST, ATR, and TR impedance in a function of the OLTC TAP position.

2.4. Current Distribution inside the PST during the Load Condition

To have complete picture about what is happening during the normal operation
condition of selected PST (Table 1) additionally the current distribution have been described
(Figure 8) considering two operation positions: advance (Figure 8a) and retard (Figure 8b)
as an example ARS installed in delta winding is use.

19111
!d3/‘ \ld?
/ds (\
.
l Lz
o bl 4 Ny
T
E bl M1 iNw=1345
Z 5103 | e v T T Ry ¥
~ ) l-o— . L o e S
SRS sy
L e Nt L
su lgq) | Ne=3.6384 o)
YNynO
e ' St
|
|

Figure 8. Symmetrical dual-core PST single line diagram for current distribution investigation (only 1-ph shown) for (a)

advance and (b) retard position.
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With the information about source voltage Eg and total impedances which includes
source Zg, PST Zpst and load Zj,,q impedances it is possible to drive the Equation for
calculating the PST source side current Ig, (where x is number of phases 1, 2, and 3 assuming
the symmetrical load):

ESx
Zs+ Zpst + lioad

The load side current Iy 4 is the source side current Iy (8) additionally shifted by the
o angle:

®)

le =

le = le COS((pLoad + O‘) (9)

As the primary winding of EU is directly connected between two divided coils of the
series winding by knowing the currents from source Is, and load Ij x side (where x is the
number of phase: 1, 2, and 3) and using first Kirchhoff’s law it is possible to calculate the
currents in this winding in all phases Iny:

Ink = Isx — I1x (10)

The currents flowing inside delta winding (SU—secondary side) for all phases Ly1, Lo,
and Ly, is in relation to the sum of the currents I and I; x (where x is the number of phase:
1, 2, and 3) flowing thru the series winding with respecting the turns ratio Ngy of series
unit, divided by 2 because of the two equal coils (referred in Section 2.2) and because of the
delta winding connection the /3 have to be considered:

N
Iy Z%’U'%'(lm + Iiq)
N
Ly :*E’U'%'( Isp + I1p) (11)
N
Iys Ifzsu'%'(lss + Ii3)

By knowing that secondary side of the SU is galvanically interconnected to the sec-
ondary side of EU and already calculated currents inside the delta winding (11) with simply
applying the first Kirchhoff’s law it is possible to calculate the currents in the secondary
side of the EU for advance (Figure 8a) and retard (Figure 8b) position (12).

Lo =l — Igs Ln=I1s- lp
Advance L, = Ij3— I3y ; Retard¢ L, = L3y — Ig3 (12)
L= Iy — Lp L= lp— Iu

3. Power System Protection Scheme Applied for PST

From [20] is stated that main protection function which should be used for power
transformers (PT) with rated power >10 MVA differential protection—87T should be used
(note: for better understanding from this place all protection function mentioned in the
paper will be described by using ANSI Standard Device Numbers). As the PST is the PTs
interconnected between each other it is possible to illustrate if (or when) 87T can be used in
a protection scheme for PST. The Figure 9a represent the relevance of the phase shift on
the differential current I4;¢ which is calculated as a difference of current Ig (8) and I, (9)
referred to the nominal current as a p.u. values:

Laistx = | Isx — Ipy| (13)

Additionally, is shown how the non-standard phase shift can influence the operation
of 87T function in normal load condition amidst of the differential characteristic (Figure 9b)
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08

06

Idiff [p.u.)

04

02

by considering the differential (12) and stabilization (13) current I,;,5 with using different
formulas:
7Ibias_1 = max( ISX; le)

—Ipias 2 = | Isx + L4l (14)
—Ipias 3 = | Lsx| + | Isx| + Laifs

It can be clearly seen that by using different stabilization current at some point in
non-faulty condition the 87T function (example settings I threshold 0.25 p.u. and
slope 1 = 0.5) might operate which is which is undesirable according to mentioned main
requirements from protection system (see Section 1.2). For I ;55 1 the phase angle limit is
33°, Ipjas_2 = 60° and for Ly, 3 = 41°.

(a) (b)

40 50 60 70 0 05 1 15 2 25 3

afl’] Ibias [p.u.]

Figure 9. Influence of non-standard phase shift on (a) differential current, (b) differential & bias current amidst of the
differential characteristic.

Current [%]
@
3

IS1

When considering the external faulty condition (outside of the protected area) and the
behavior of 87T by using the Equation (14) provided by [21]:

I U I, 1+ 2cos(x) 1+2cos(x+120°) 14 2cos(ax—120°)
I, | = ﬁ Iip [-| 1+2cos(ex—120°) 1+ 2cos(«) 14 2cos(x + 120°) (15)
Iss Ll L, 1+2cos(oc+120°) 14 2cos(a— 120°) 1+2cos(x)

can be seen that current transformation for unsymmetrical faults, e.g., phase 1-ground
(Figure 10a) and phase 2-3 (Figure 10b) also might have an impact for 87T operation
(Figure 11).

@) (b)

Current [%]
@
3

o 2~ N\

IS3

10 0 10 20 30 40 50 60 60 50 40 30 -20 10 0 10 20 30 40 50 60
Phase angle a['] Phase angle a ']

Figure 10. PST “S” side short circuit current contribution for (a) phase-to-ground and (b) phase-to-phase fault on “L” side.
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+Ph-1l +Ph2 +Ph3

08

diff [p.u.]
o o
)

-

+
00

15 2 25
Ibias [p.u.]

Figure 11. Non-standard phase shift influence on differential function 87T.

By increasing the phase angle « in a range of 0° <+ 60° with 5° step for external fault
phase 1 to ground on the load side of the PST the un-faulted phases (2 and 3) transformation
costs that limit of the non-operation function 87T is achieved in phase 3 for 40° phase shift
o (Figure 11). Stabilization current Equation used in this example was Ipi,5 o (13).

Among others described PST operations conditions are the main reasons for what 87T
function shouldn’t be used for PST protection scheme. For that extended protection concept
has been developed [21,22] (Figure 12). An approach that PST is visible as two separate
transformers units has been used where main protections are differential functions:

—  87P (P—Primary) is configured as a differential function based on the KCB (Kirchoff
Current Balance) and using the current signals from source and load (SU) and primary
side of EU,

— 875 (5—Secondary) is configured as a differential function based on the ATB (Ampere
Turns Balance) and using the current signals from source and load (SU) and secondary
side of EU.

Additionally:

— 87B (B—busbar) in some cases is used as an additional differential function based on
KCB,

— 215 & 21L (S—Source and L—Load PST side) distance protection,

— 51N (N—neutral) earth overcurrent function,

— 67N directional earth overcurrent function.

Figure 12. Example of a PSP for symmetrical PST (scheme for one phase only).

The adopted way of approaching the configuration of the PSP structure causes a high
degree of its complexity. For such a complex PSP structure one can expect difficulties with
correct analysis of all applied protection functions.
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Difficulties with testing the correctness of presented (Figure 12) PST protection system
functions and settings can be reduced by using multi-variant short circuit simulations.
This requires using of an electromagnetic PST model. However, the development of a
dedicated PST simulation model requires a detailed recognition of the design and operation
of the individual PST components. This is necessary in order to correctly map the working
conditions of the PST in dynamic states accompanying short circuits, particularly asym-
metrical short circuits (in which case the PST behaves differently from PT). The complexity
of the issue and its importance is confirmed by numerous publications, which deal with
the subject matter of modelling various types of PST constructions for the purposes of
short-circuit and flow analyses [5] + [15] and partly has been also presented in this paper.

4. Electromagnetic Model of Symmetrical Dual-Tank PST
4.1. General Information about the Model

The proposed PST model is built on the basis of a case study for real application exam-
ple (Table 1). The available models of single-phase two- and three-winding transformers
from the Matlab Simulink library were used for its elaboration, taking into account the
required connection layout for the PST construction type under consideration (Figure 3) in
a symmetrical two-core solution.

The main challenge of modeling the PST as a two separate units” approach is to
recalculate their parameters by knowing only, the PST data as a one complete unit from
the nameplate (Table 1). The short circuit voltages Ugco, test procedure is done by making
the proper short-circuit on L-PST side Zs.~0 () and regulating the 3-ph voltage source Ugest
(ph-ph value) on the S-PST side to achieve the nominal current I, will flow (Figure 13a).
Depends if the test current lLiest was exactly nominal current or not the short circuit voltage
is calculated to the target values by following formula:

_ Utest : In
Un 'Itest

Usco, (O() U121

Usero () 100-Sn

-100% — ZPST(OC) = (16)

The same test procedure is repeated for different phase shift positions and at the
end the short circuited impedance are the most important for the future use which can
be represented in a simplified short circuit transformer model by considering only the
series branch which includes source Zg and load Z;, side impedance different for different
phase shift position (Figure 13b) and can typically is represented as a one total impedance
Zpst = Zg + Z1.. Based only on this test procedure is difficult to know what the short circuit
parameter for SU and EU are separately.

With knowing only, the base information the procedure for recalculation of SU and
EU parameters will be described.

(b)
S Zs » Zx L
o—
o o

Figure 13. (a) General view of PST under short circuit test procedure and their (b) equivalent simplified circuit.

4.2. Series Unit Parameter Calculations for 3-Winding Transformer Model

Series Unit (Figure 14a) is represented as three-winding transformer model (Figure 14b).
Starting point for calculating the SU parameters are the nameplate data (Table 1) such a:
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nominal voltage Upsty, power Sy, short circuit voltage at neutral TAP (phase shift) position
Uge% 0 and winding turns ratio of the SU (series/delta winding) Ny

Wanted values for a used three-winding transformer are: nominal voltages (P-primary,
S-secondary, T-tetriary) Upy, Usn, Utn, powers Spy, Ssn, Stn, short circuit voltages for the
winding group (PS-primary—secondary, PI—primary—tertiary, ST—secondary—tertiary)
Usc%_ps, Usco PT, Uscos,_st (Figure 14¢) and vector group.

(c)
Z _ S(L)
P(S) Zp
Zr_ T(d)

Figure 14. (a) Physical model of SU, (b) 3-winding transformer model used for SU representation and their (c) short circuit
equivalent circuit (where * is a beginning of the coil).

The first step is to calculate the know short circuit impedances of series winding based
on the short circuit voltage stated for the neutral TAP position which is 0° phase shift
(Table 1). For this position « = 0°only series winding impedance is measured as no phase
shift means no current is flowing thru the EU windings:

use-UZ  0.871-4102

g Zsy 1220
SU= 7, T T 1200 -

When using three-winding transformer model to represent SU its necessary to reflect
each winding as a representation of SU windings. For that it has been adopted:

e Primary and secondary winding of three-winding transformer will represent series
winding of SU as it has two equal windings between which primary side of EU
is connected,;

e  Tertiary winding will represent secondary side of SU connected in delta configuration.

Based on mentioned primary to secondary Ug. ps and primary to tertiary Ug. pr short
circuit voltage will be half of the short circuit voltage of PST Ug. pst for o = 0°.

Because the secondary-tertiary short circuit voltage Ug. st is also influencing pars
winding impedance (18) this value is a quarter of the Uy, pst for « = 0°. To calculate the
pars winding reactance’s: Xp, Xg, Xt (Figure 14c) based on (17) reference power 1200 MVA
(PST rated power) and voltage 410 kV has been used:

U, U, U,
sc_PS sc_ PT _ “sc ST 2
7o t+t—3 —— Uwp

_ _ 0436404360218 4102 _
Xp = 2100% Sep 7.100% 200 = 458 Q)
USCST USCPS USCPT >
S S P UR, | 0.01840.436-0436 4102 18
_ - U 021840436-0436 4107 _
Xs = 2.100% Sw 2-100% 1200 = 153 Q) (18)

U, U, U,
sc_PT sc_ ST _ “sc_PS 2
7t —7 7> Up

_ _ 0.436+0.218—0.436 410> __
Xr = 2-100% S 2.100% 200 = 1.53 Q)

The configuration of primary and tertiary winding reactance’s represents the series
winding from the source side Xg:

Xs = Xp + X7 = 458 + 1.53 = 6.11 O (19)

Primary and secondary winding reactance’s represents the series winding from the
load side Xp.:
Xy = Xp +Xg = 4.58 + 1.53 = 6.11 () (20)
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Finally, the total reactance of the series winding Xpgr is
Xpst = Xg + Xp = 6.11 +6.11 = 1222 Q) 1)

where reference value (17) is equal to 12.20 Q).
By knowing the ratio of SU (Ngy = 1.345) it is possible to provide the voltages values
for each sides of three-winding transformer:

Upn = Usn = Upsty = 410 kV

_ Upn+Usn _ 4104410 _
U = Illfsu n = 25 = 6085 kV

(22)

Rated Power for all windings were set as the PST rated power 1200 MVA.

The last wanted value for SU is the vector group for tertiary (delta) winding. As has
been described in the introduction part to create phase shift between the source and load
side voltage vectors quadrature voltage AU has to be applied in a phase shift of +90°
£a/2 (for symmetrical type) this can be achieved by configurating the delta winding with
a variable vector group d3—retard and d9—advance position.

4.3. Exciting Unit Parameters Calculations for 2-Winding Transformer Model

The second step is focus on driving the data for EU depends on the OLTC TAP position
with already known SU parameters (which are not related to TAP position) and theoretical
information’s about voltages and currents distribution inside PST (SU and EU).

Primary side voltage EU is equal to the rated voltage of PST:

Upp_eu = Uypst =410 kV (23)

Maximum voltage ratio for EU, means secondary side voltage of EU is depends on
the maximum phase shift for PST which based on Table 1 is equal to amax = £20.1°.

2. 241 20.1
Unspy max = %-Nsusin(%;)() - %.1.345-5111(07) —1113kV ~115kV  (24)

Assuming n = 32 regulation TAP positions the step voltage for OLTC is

U

Srswwmax _ 115 _ 5 59 v /TAP (25)
n 32

The rated power of the EU is related to the PST rated power (1200 MVA) and omax =

£20.1°:

UnSEufstep =

1
Sn EU = 2-Sn_FU- sin( o‘f;ax) — 2.1200- sin(zg) — 4188 MVA ~ 419MVA  (26)

Vector group for EU according to the selected type is YNynO.

The short circuit reactance (assuming that Z~X) for EU can be find [23] as a function
PST impedance for current phase shift position Xpsr(,), SU reactance Xsy (17) and series
winding “S” side reactance Xg (19—referred to EU power):

Xgy = Xpst(a) — Xsu- cos(§)” — 4Xs-sin(§)* — 34420 (27)
4sin(%)2

4.4. Compleate PST Model Description

With all required data (Sections 4.2 and 4.3) now it is possible to build the complete
PST (symmetrical, dual-core). The relevant structure of modelled PST (Figure 15a) contains
a sub-model of SU (Figure 15b), EU (Figure 15c), and ARS (Figure 15d) containing internal
switch system, by means of which the connection system of the EU secondary side with the
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SU secondary side is reconfigured as shown in Figure 3. The required measuring sensors
inside and outside of the SU and EU tanks are also introduced.

(a) ()
Series Unit ARS Exciting Unit
EU - phA
L '_. a(+) EU_a(+) EU_A(+) -0 T
@ SU_a(+) a(+) a) 2% g1 At
EU_A(+)  SU_a(-) a(-)
<> s2 2 @& b(+) EU_b(+) EU_B(+) EU-ph
—a EU_B SU_bl bl (©l & *AM)
+ a(+) +)
© b be) 2% !
<> = i @@ c(+) EU_c(+) EU_C(+) ® B

EU - phC

Doy +
(+) nggl A+)

o

F EU_C(+)  SU_c(+) c(+)
SU_c(-) ) f EU_n(+) Eu,Nm-l

- (d) -
a(+) O——=a ARS—Advanced ,A” al®)
ARS - Retard ,R”
o o
g [Ho— oat|
= z
s 3
T c
S |b+)O—n 8
2 ——ObH)| &
= | boO— =
S =}
. oo
4 £
g |cmo— O
w
() O—n

Figure 15. (a) General view of the PST to be modelled and internal layout of the model for (b) serial unit, (c¢) add-on unit,
(d) ARS switch.

Summarized SU and EU data are presented in Table 2.

Table 2. Summarized serial unit (SU) and exciting unit (EU) calculated data.

Rated Voltage Rated Power Short Circuit Voltage
Unit Upn/Ugn/Utn Spn/Ssn/Stn Usc ps%/Usc p1%/Usc_sT9% Vector Group
kv GVA %
SU 410/410/608.5  1200/1200/1200  4.36/4.36/2.18 @1.2 GVA 11/111/d3-9
EU 410/115 419 8.56 @0.419 GVA YNynO

5. Discussion of the Simulation Results

To carry out the verification plan of developed PST model, a test network was designed
to represent a cross-border connection of two large power grids at the voltage level of
400 kV (Figure 16). The coupling elements of both power system grids are transmission
lines and PST installed between them. Grids were modeled as substitute power systems
“S” and “L” with parameters selected according to [24]: U, = 400 kV; @g = 0°; @1 = 0%
Ssc =12.46 GVA; Z; = (1.23 + 14.77) O; Zg = (6.15 + 24.62) (); Ro/X; = 0.42; Xo /X1 = 1.67.

The transmission lines on “S” and “L” side of the PST have been modelled as dis-
tributed lines with parameters selected according to [12]: tower type Y52; single-line with
conductor type AFL 8-525; number of lightning conductors 2x AFL 1.7 x 70 mm?, line
length 35 km; Z; = (1.05 + 11.20) Q); Zy = (8.40 + 27.30) (); By = 120.93 uS; By = 79.00 pS.
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Figure 16. System under test diagram with developed PST model.

5.1. Steady State PST Model Verification

The research on the developed PST model in a steady state condition (no faulty) was
targeted on verification in terms of fulfilment of regulatory assumptions:

e  according to the regulation type (symmetrical) by changing the EU OLTC TAP position
will only lead to a change the phase shift agr, without changing the magnitude of
voltage on the “L” side of the PST (test performed in accordance with [3]—tests shall
be performed with the assumption of a symmetrical power source on the “S” side and
no load on the PST).

e determination of short circuit voltage U9, for the positive symmetric components in
the order of compliance and zero for representative PST TAP positions (test performed
according to [3]).

e determination of the full range of changes of agy value in the PST operating state
without load and with rated load (@1200 MVA cos@ = 1,0) for the extreme PST control
positions (32A—maximum support agy, = +20.1°, 0—neutral position agy, = 0°, 32R—
maximum blocking ag = —20.1°).

The results of the simulation verification tests are summarized in Table 3 and addi-
tionally plotted in two charts where Figure 17a represents the full range (OLTC scope) of
the impedance changes with no-load and on-load phase shift agy. Additionally values of
the quadrature voltage AU and regulation voltage (EU secondary side) were introduced
(Figure 17b). Comparison (Table 2) with the nominal and measurement data presented in
Table 1 unequivocally confirms the conformity of the developed PST model with its actual
equivalent. The agj, adjustment range of the model corresponds exactly to the data on the
rating plate. The symmetrical control in the PST has been confirmed (Ug/Ur, maintains
a constant value over the entire &gy, control range, which means no change in the U
voltage value).

Table 3. Results of parameters and regulation capabilities of the developed PST model.

. OLTC/ARS TAP Position
Option
32(A) 0 —32(R)
Adjustment angle xgy, (no-load condition) +20.1° 0.1° —20.1°
Ug /Uy, ratio (no-load condition) 1.02 1.02 1.02
Adjustment range of phase shift «gy, in load condition (1200 MVA)  +13.4° —-5.1° —-26.7°
Determined short circuit voltage U, 11.58% 8.71% 11.58%
Zero-sequence impedance 1222 Q)

Furthermore, the determined values of the short circuit parameters for the positive
and zero-sequence symmetrical component correspond to the data from actual object,
where reference (based on the nameplate) positive sequence impedance for different TAP
position was calculated based on this equation:

oy \ 2
sin|( =
XpsT(«) = XpsT(x=0°) T (XPST(Ocmax) - XPST(oc:O")) : (Sm(%))> (28)
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Figure 17. Total range (a) PST impedance and phase shift adjustment for no- and on-load condition with reflecting to (b) EU
regulation voltage parameters and quadrature voltage.

Table 4. Short circuit currents contribution for phase-to-ground fault scenario (L1-N).

5.2. Transient PST Model Verification

First test procedure for a short circuit studies was done by verification the PST model
results according to the standard [21]. Test procedure require to supply PST from the
source side and perform at last two types of faults: phase-to-ground and phase-to-phase
in the load side and see the short circuit currents transformation done by PST in few
different phase shift positions (e.g., 20°; +10°; 0°). Table 3 presents the results for the
phase-to-ground fault scenario where from the load side current distribution presented in
percentage is as follow: IL1 = 100%, IL2 = IL3 = 0%. The source side currents contribution
are vitrificated based (Figure 10a). Deviation for this fault’s scenario (Table 4) shows that
developed model is represented very accurate where deviation is approximately 0%.

IEEE PST Model
x Is (%) I (%) Is (%) I, (%) Deviation (%)
S1 S2 S3 L1 L2 L3 S1 S2 S3 L1 L2 L3 S1 S2 S3

—-20° 95.97 21.75 17.73 100 0 0 95.97 21.76 17.73 100 0 0 0.000 0.015 0.017
-10° 98.98 10.53 9.51 100 0 0 98.99 10.53 9.51 100 0 0 0.005 0.003 0.006

0° 100 0 0 100 0 0 100.0 0.04 0.03 100 0 0 0.000 0.000 0.000
+10° 98.98 9.51 10.53 100 O 0 9899 9.51 1053 100 O 0 0.005 0.006 —0.003
+20° 95.97 17.73 21.75 100 0 0 95.97 17.73 21.75 100 0 0 0.000 0.017 0.012

Next fault scenario made for the PST model verification is phase-to-phase L2-L3
(IL1 = 0%, IL2 = 100%, IL3 = —100%). short circuit on the load side and observe currents
contribution on source side (Figure 10b). Deviation for this fault’s scenario (Table 5) shows
that developed model is represented very accurate where deviation is approximately 0%.
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Table 5. Short circuit currents contribution for phase-to-phase fault scenario (L2-L3).

IEEE PST Model
o« Is (%) I (%) Is (%) Iy, (%) Deviation (%)
S1 S2 S3 L1 L2 -L3 S1 S2 S3 L1 L2 -L3 S1 S2 S3

—20° 39.49 113.71 74.22 0 100 100 39.50 113.72 74.22 0 100 100 0.017 0.007 0.002
-10° 20.05 108.50 88.45 0 100 100 20.05 108.5 88.45 0 100 100 0.002 0.004 0.002

0° 0 100 100 0 100 100 0.00 100.03  99.96 0 100 100 0.000 0.039 —0.04
+10° 20.05 88.45 108.50 0 100 100 20.05 88.45 10851 0 100 100  0.002 0.002 0.004
+20° 39.49 74.202 113.71 0 100 100 39.50 74.22 11372 0 100 100 0.017 0.002 0.007

€8 "S" & "L" open|

Close CB "S"

TTVITRRE e g VOO oooeee

200

In the second stage of verification of the developed PST model, simulation tests were
conducted, which are performed for the purpose of PSP analyses, i.e., phenomena occurring
in transition states.

The verification was a two-stage switching on of PST, at time t = 130 ms there was a
switch “S”, then after 500 ms a switch “L” was switched on. Courses of momentary values
of inrush current (t = 130 + 500 ms) and switching current (t = 500 + 700 ms) for different
PST control positions are shown on Figure 18.

(a) (b)

25
j ¢ B "S" & "L" open| Close CB " c8 s
| Closeca "L 2 8 Close CB "L"

15

i 25
300 400 500 600 700 0 100 200 300 400 500 600 700

—S_il1 S_il2 ——S_il3

Figure 18. Inrush current during two step approach switching on the PST to the network for the tap position (a) 32R and

(b) 0.

Such testing is used for verification of correctness of PSP PST operation, from which
tripping is expected to be blocked after detection of the inrush current (this is done by
analyzing the shape of the course of the momentary value of phase currents). By simulating
the attaching current (Figure 18 t = 500 =- 700 ms) it is possible to properly select the position
of PST control before it is switched on, in order to reduce the value of amplitude of these
currents caused by too big difference of voltage phase angles between connected power
grids [25].

6. Using PST Electromagnetic Model for Power System Protection Purposes
6.1. PSP Settings Calculations

PST model can be used for PSP settings calculations by considering different fault
scenarios (based on [20]):

— different fault loops for extreme and neutral TAP positions: phase-to-ground (LG),
phase-to-phase (LL), phase-to-phase with ground (LLG), 3-phase (LLL);

— to check the CT’s possible saturations the maximum fault current (LLL) should be
investigated for minimum PST impedance (neutral—0°);

— for symmetrical dual core PST additionally for EU CT’s possible saturation should be
investigated for maximum and minimum PST TAP position;

— for external faults with maximum and minimum PST TAP position check possible
overexcitation of the SU.
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6.2. PSP Verification in a Transient Conditions

Verification of PSP concept scheme with using transient analog signals allowed to
verify the behavior of the physical protection algorithms used by the protection relays. The
following general aspects of faults scenarios should be considered:

— Internal faults (Figure 19): on bushings (LG, LL, LLG, and LLL) and inside the tank
SU & EU with turn-to-ground and turn-to-turn faults for different fault position and
for extreme and neutral PST TAP position

— external faults (Figure 19): on busbar “S” and “L” PST side as on the relevant lines
(LG, LL, LLG, and LLL) for extreme and neutral PST TAP position;

Bushings Series Unit Connection between
eres ot SU & EU tanks
()4 Y
o) Tar @y . 76) \\
N 1) =i |\
/S, NS L;, ) | \\ \\
S| . | ) L \
_x\_m_W\_T_,W\_wgm/x_ \
@1\ :
T Exciting Unit ‘
/Een A N @) voltl A
/) " o = I yamhal
su A LA
Tank o ‘B<} B SSNPAE) ‘ | /B . B
=
o= N o ¢
) | | & ","'m)g E',/m)
Connection between | EUTank |

SU & EU tanks

Figure 19. Possible place for faults in the PST model.

Witch such an approach additionally dynamic analog signals are used to check behav-
ior of different protection algorithms:

(a) Differential protection (87):

— trajectory of differential/restraint current in a differential plane for applied
functions (87T or 87P or 87S) considering CT saturations;

— energization current inrush studies;

— saturation of SU (external faults).

(b) Distance protection (21) and additional active functions:

— trajectory of short circuit impedance in a complex impedance plane considering
CT saturations;

— zone reaches;

— tele-protection scheme (if applied);

— power swing blocking function

(c) Overcurrent protection (51):

— Time grading and current threshold with accordance to the line protection set-
tings;
— energization current inrush studies.

6.3. Example of Transient PSP Studies

The use of the developed PST model for testing the correct operation of PSP has been
presented for the simulation of a two-phase metallic short-circuit located at location no.
8 (Figure 19), for different PST TAP position. The distance protection function (21), for
which the highest risk of malfunction was identified in [5,13]. The results of short circuit
simulation in the test network with the PST model are shown in Figure 20. These are the
trajectories of the ends of short circuit loop impedance vectors determined by the protection
installed on the “S” side of the PST (21S) and the protection on the “L” side of the PST (21L).
There is a noticeable influence of PST control on the value of the vector parameters of the
determined impedance, which has a significant impact on the correctness of identification
of the short circuit location by the PST distance protection function. This example shows
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that even two distance relays are located very close to each other it is worth to consider if
tele-protection function could be used to reduce the mismatch operation numbers.

(a) (b)

215/ 21L (ph-to-ground) —32A 16A —0 —16R 215/ 21L (dla zwaré miedzyfazowych) ——32A -===-21L 16A —0
—32R -=-=Z1E -=-=22E —16R —32R —_—71 —_—72
X0l Xl

RiQ)
RlQ)

Figure 20. Short-circuit impedance trajectories z for a short circuit loop (a) phase-to-ground (LG), (b) phase-to-phase (LL).

Another example of the negative impact of PSTs on protection function 87T was used.
The example (Figure 21) shows the external fault L1-L2 at 50% line LS length of the line
section S (Figure 16) for a maximum PST TAP position 32A (+20°). In the following example
L1-L2 fault causes that the maximum determined differential current I4;¢ with I}, comes
from non-faulty phase (L3) which cost the mismatch operation.

87T

—— Diff characteristic —— 1 L2 —— L3

9 1 Operation
area

Blocking
area

1diff [p.u.]

0 2 4 6 8 10 12 14 16 18 20
Ibias [p.u.]

Figure 21. Differential and stabilization current trajectories.

7. Conclusions

The complexity of the object itself (PST) and its protection scheme force to use simula-
tion programs for the verification process which needs to be done based on dedicated PST
model for transient simulations. The biggest challenge of developing realistic PST model
is to decode the individual unit is data based on the nameplate data only (Table 1). The
research made in the paper prove that proposed procedure for calculating the SU and EU
parameters gave the very accurate results (deviation <0.1%) when compare them to the
real object data for the normal (Table 3) and short circuit condition (Tables 4 and 5).
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Presented procedure for calculating the unit is data can be used as a base for dual-core,
symmetrical PST modeling by using standard available transformer models in different
software platforms. This makes the procedure universal. The developed PST model allows
for multithreaded simulation studies thanks to reliable mapping of a real object. This
allows for its use both for steady state analyses (power distribution and mutual interaction
of interconnected parts of power grids) and for the needs of PSP analyses, including—
what is particularly important—in electromagnetic transient states accompanying short
circuits. The validity of using this type of analysis for the purpose of PSP analysis has been
demonstrated for several selected examples.
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