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ABSTRACT

This paper presents a new standard-delta phase shifting transformer (PST) protection technique
based on the normal operating voltage-current (v-i) relationships of the PST equivalent circuit. These
voltage-current relations are used to define the v-i differential equations, which are further used to
detect and discriminate the internal and external faults. Using the v-i differential relationships, the pro-
posed protection relay computes small or zero (ideally) differential quantity during normal and external
fault conditions. However, in the event of an internal fault, the v-i relationships become invalid and the
proposed differential relay therefore computes significantly large differential quantity. A comparative
performance analysis of the proposed protection technique and the former methods, that make use of
the current differential principle, suggest that the proposed technique offers a more secure protection
solution of the standard-delta PST. It successfully detects and discriminates the internal/external faults,
while remaining stable during a magnetizing inrush current and the saturation of the series winding, and
offers a high degree of tolerance against external faults with current transformer saturation. A real rep-
resentation of a standard-delta PST has been modeled in PSCAD/EMTDC to simulate various normal and
faulted conditions to test and validate the performance of the proposed protection technique. Implemen-
tation of the proposed protection algorithm requires currents, voltages and tracking of the tap-changer

position.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Phase shifting transformers are available in single- or two-core
designs and constructions. Depending on the application, they can
be categorized as symmetrical or asymmetrical [1,2]. A symmet-
rical design alters the phase-shift angle with equal magnitudes of
source- and load-side voltages, whereas an asymmetrical design
alters the phase shift and voltage magnitude, which can cause
changes in the reactive power flow [2]. The advantage of a sym-
metrical design over an asymmetrical is that the phase-shift angle
is the only parameter that influences the power flow [3]. However,
itemploys two single-phase on-load tap changers (OLTC) per phase,
and therefore it is more expensive than the asymmetrical design.
The standard-delta PST belongs to the symmetrical single-core PST
type.

Conventionally, current differential protection has been widely
used for the protection of standard and non-standard transformers
[4]. Because of the distinguished features like speed and selec-
tivity, the differential protection has been serving as a major

* Corresponding author. Tel.: +1 226 235 2351.
E-mail addresses: ukhan26@uwo.ca, umar.naseem@gmail.com (U.N. Khan).

0378-7796/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.epsr.2013.12.017

transformer protection for decades. However, it is also associated
with un-faulted conditions such as magnetizing inrush current and
saturation of the series winding that can result in a false differential
current and leads to an instability of the system.

Moreover, the phase shift across the PST is not fixed, it is an
increment of the non-standard phase angle, and changes online as a
function of the tap-changer position, e.g., the maximum phase shift
across the two ends of the PST is 30 deg with 32 steps, i.e., phase-
shift of ~0.94 deg/step. Thus, the phase compensation algorithms
used in the standard differential protection cannot be applied for
the compensation of the phase-shift across the PST.

Due to various PST designs, the differential current measur-
ing principle applied to one type of PST cannot be applied to
another type. The literature survey suggests that the various cur-
rent differential-based techniques have been proposed by [5-8]
for various types of PSTs. Ref. [5] proposes the differential pro-
tection for two-core symmetrical and delta-hexagonal PSTs. Refs.
[6,7] propose a technique that can be applied to any type of
PST. These techniques propose the phase/magnitude compensa-
tion algorithms to solve the dilemma of non-standard phase-shift
between two ends (source and load sides) by tracking the tap
position of the PST. However, both lack in demonstrating the per-
formance when applied to a standard-delta PST. Ref. [8] proposes


dx.doi.org/10.1016/j.epsr.2013.12.017
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2013.12.017&domain=pdf
mailto:ukhan26@uwo.ca
mailto:umar.naseem@gmail.com
dx.doi.org/10.1016/j.epsr.2013.12.017

32 U.N. Khan, T.S. Sidhu / Electric Power Systems Research 110 (2014) 31-38

linear and non-linear current differential measuring principles for
the protection of a delta-hexagonal PST. Ref. [9], in brief, dis-
cusses the differential current measuring principle that reflects
the ampere-turn relation of the magnetically coupled series and
exciting windings of a standard-delta PST.

This paper presents a new protection technique based on the
monitoring of normal operating v-i relationships of the equiva-
lent circuit of magnetically coupled series and exciting windings
of a standard-delta PST. These v-i relations not only express the
magnetically coupled windings but also the electrically connected
exciting winding of one phase to the series windings of the other
two phases. The proposed technique exploits the validity of the
current and voltage relations to detect and discriminate internal
and external faults by proposing the v-i differential equations. Dur-
ing normal and external fault conditions, the v-i relations remain
valid; however, in the event of an internal fault these relations
become invalid. The proposed v-i differential relay remains stable
and secure in the event of various un-faulted conditions, such as
inrush current and saturation of the series winding, which makes
it a unique protection solution from the conventional current dif-
ferential protection.

For the purpose of a performance comparison, the existing cur-
rent differential-based techniques are reviewed first in Section 2,
followed by the development of the proposed v-i relationships in
Section 3. Section 4 addresses various issues and their solutions
related to the application of the proposed v-i relations for the pro-
tection of the PST. The proposed method is tested and analyzed for
various system conditions in Section 5. Discussions and conclusions
in Section 6 suggest that the proposed method provides a more
secure protection solution for the protection of a standard-delta
phase shifting transformer.

2. Areview of the current differential based approaches

Traditionally, differential protection is used as a main protec-
tion element for the protection of phase shifting transformers. As
mentioned before, there is no fully developed techniques reported
in the literature. However, Refs. [7,9] suggest differential based
approaches that can be distinguished based on the differential cur-
rent measuring principle. The detail review of these two approaches
is as follows:

2.1. Differential current measuring principle 1 (87PST-1)

Ref. [9] briefly discusses the differential current measuring prin-
ciple that reflects the ampere-turn relation of the magnetically
coupled series and exciting windings. Computation of the differen-
tial and restraining current requires source and load sides currents,
Is and Iy, respectively, along with the tracking of the tap-changer
position (D). The differential current measuring principle as a func-
tion of tap position can be expressed as

D
IDIFFp[App.1] = nso (Isa — Isc +Ic — ILa) + ng (Is + Is)

D
IDIFFgApp.1] = ns— (Isg — Isa + Ira — It) + ng (Isc + Iic)

D
IDIFFciapp.1] = s> (Isc — Isg + ILp — Irc) + ng (Isa + I1a)

where Isa, Isg, Isc and Ija, Iig, Iic are the source and load sides
currents and ns and ne are the series and exciting windings’ number
of turns, respectively.

2.2. Differential current measuring principle 2 (87PST-2)

The differential current measuring principle proposed by [7]
uses the source- and load-side currents. However, prior to the
computation of the differential current, both sides currents are
processed through the phase and magnitude compensation algo-
rithm. The differential current is measured by taking the vector
sum of the source-side (reference) and load-side (compensated)
currents. In additions to the tracking of the tap-changer position,
the algorithm also requires values of the base current for each
tap position in order to compute the differential current. The gen-
eral expression of the differential current measuring principle for
a symmetrical PST can be expressed as

IDIFFA{App 2] Isp LA
1 1
IDIFFB[App.Z] = i M(OO) Isg | + M((SO) I
base base
IDIFFciapp 2] Isc Iic
where
1+ 2cos(8) 1+2cos(§+120) 1+ 2cos(§ —120)

M(8°) = % 1+ 2cos(8 — 120) 1+ 2cos(4)

1+2cos(§+120) 1+ 2cos(s —120)

1+ 2cos(é + 120)
1+ 2cos(8)

Ipase is the base current of source- or load-side and § is the phase
shift between source- and load-side.

3. Development of the proposed technique

Transformer protection technique based on the relationship
of windings currents and voltages are known from [10-14]. The
voltage—current relationship of the winding expresses the elec-
tromagnetic equation. A mathematical representation of the two
magnetically coupled windings can be developed based on the
assumption that the flux linkage, A, between magnetically coupled
winding 1 and winding 2 are equal, i.e., A12 = A1 [15]. By exploiting
this assumption, the electromagnetic equations are then combined
to derive the v-i differential equations. During normal and exter-
nal fault conditions, the v-i differential relation remains valid and
therefore, computes zero or small differential quantity |DIFF|, how-
ever, v—i differential relay computes a significantly large differential
quantity |DIFF| in the event of an internal fault. This criterion is used
to detect and discriminate an internal/external fault in a standard-
delta PST.

As shown in Fig. 1(a), the tap winding with which the source
(S) and load (L) sides are connected is called the series winding,
whereas the excitation winding is connected to the other two
phases of the series winding, making delta connections. Hence, the
quadrature voltage AV is developed; this, when added to the nomi-
nal voltage V}, will generate the phase shift between the source and
the load sides [2].

As shown in Fig. 1(b), the following current, voltage and
impedance notations are used in this section to develop the
voltage—current relationships:

e Current: source-side (Isa/Isg/Isc), load-side (Ija/lig/lc) and
exciting-winding (I,/I,/Ic) currents.

e Voltage: source-side (Vsa/Vsg/Vsc), load-side (Via/Vig/Vic),
exciting-winding (V,/V},/V¢) and nominal voltages (Vna/Vyp/Vic).

® Zp1/B1/c1» Za2/B2/C2+ Zajbjc are the impedances of windings Wdg
A1/B1/C1, Wdg A2/B2/C2 and Wdg a/b/c, respectively.

The turn ratio of the series and exciting winding at a particular
tap position (D) is as follows:

AVA ng

=D

AV, Ne

=DN (1)
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