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Summary

The flow of active power needs to be controlled in closely intermeshed networks as the
‘natural’ load flow resulting from the load conditions and existing line impedances is not
necessarily the optimal load flow pattern. Another aspect of load flow control is the flexibility.

A deregulated energy market requires flexible power system operation to ensure that the

electricity supply contracts can be fulfilled. Technically, limitations on power transfer can

always be removed by adding new transmission and/or generation capacity. However,

FACTS devices are designed to remove such limitations and meet operators’ goals without

having to undertake major system investments.

One type of FACTS devices which can be used for active power flow control is phase angle

regulating transformer. In today’s power system two types of such transformer are used:

1. Phase Angle Regulating Transformers (PAR) [4], [5] are used to control the flow of
electric power in a meshed power system. Both the magnitude and the direction of the
power flow can be controlled by varying the phase angle shift across such series
transformer. Traditionally on-load tap-changers are used to control this angle. Some
modern additions to such transformers are possibility for thyristor control and/or
connection in series with a controllable capacitor bank.

2. Variable Frequency Transformer (VFT) [7], [8] is based on a combination of hydro
generator and a transformer. It consists of a rotary transformer, for continuously
controllable phase angle shift, together with a drive system and control, which adjust the
angle and speed of the rotary part, to regulate the power flow through the transformer.
Such transformer provides a means to control power flow between two asynchronous
grids (i.e. two power networks with different frequency).

Traditional 87T differential protection has been used for decades for overall differential
protection of standard, three-phase power transformers. However use of 87T relays for
overall differential protection of phase angle regulating transformers was considered
impossible in presently used protective relaying standards and practices.
This paper will describe how 87T relay principle can be used for overall differential protection
of any three-phase, Phase Angle Regulating Transformer or Variable Frequency
Transformer. Such differential protection will be completely balanced for all types of external
faults and through load conditions. At the same time it will be able to operate quickly for all
internal faults. Such protection scheme will only need external, stand alone current
transformers which will also eliminate any need for buried current transformers within the
protected power transformer tank, as usually required by presently used protection schemes
for phase angle regulating transformers [4], [5], [6]. Inrush stabilization (e.g. 2nd and 5th
harmonic blocking) is still required for such 87T differential relay.
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1. Introduction

Diverse differential protection schemes for Phase Angle Regulating Transformers (PAR) are
presently used [3], [4]. These schemes tend to be dependent on the particular design details
and maximum phase angle shift of the protected PAR. A special report has been written by
IEEE-PSRC which describes possible protection solutions for typical PAR constructions [4]. It
is indicated that the standard 87T transformer differential protection relays can not be used
as overall differential protection due to variable phase angle shift across the PAR.

Thus, if a numerical 87T differential relay is directly applied for the overall differential
protection of a PAR, and set to compensate for vector group YyO0, the false differential
current will appear as soon as PAR phase angle shift is different from zero degrees.
However, in this paper it will be shown that with help of numerical technology it is actually
possible to apply the 87T transformer differential relay with a small modification as overall
differential protection for PAR transformer in accordance with Figure 1.
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Figure 1 : Connections for overall PAR differential relay
2. Universal 87T Relay Compensation Principles

To provide overall differential protection for arbitrary PAR transformer it is necessary to
provide the following three compensations in relay software:

» for current magnitude differences on the different sides of the protected PAR transformer;
» for arbitrary phase angle shift across PAR transformer;

» possibility to remove zero sequence current from any side of the PAR transformer.

Based on theory of symmetrical components applied to regulating transformers [1] it was
shown in reference [3] that all three compensations can be achieved by using the following
general equation for differential current calculations for any two-winding PAR transformer:
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where:

> |4 x are phase-wise differential currents in per-unit system

> |y wi is base current for the winding-i (It can have different values if the winding
incorporates OLTC.)

> MX(®w;) is a 3x3 matrix equal to either M(®w;) on side(s) where only phase angle shift
compensation is required or MO(®y;) on side(s) where zero sequence current shall also
be eliminated

>l wi are measured phase currents for winding-i



The formulas how to calculate base current and the two different types of
3x3 compensation matrixes, according to reference [3], are given below.
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where:

» Sgase is the maximum rated apparent power of the protected transformer [2]

» Ury; is the winding-i rated phase-to-phase no-load voltage

» O is the angle associated with winding-i in order to provide phase angle shift
compensation. The value for ®y; is selected as the angle for which the winding-i positive
sequence, no-load voltage component shall be rotated in order to overlay with the
positive sequence, no-load voltage component from the reference winding. For the
reference winding this angle ® has the value of zero degrees

Note that it is possible to freely mix M(®y;) and MO(®y;) matrixes within one equation. For
wining(s) where matrix transformation M(Q®w;) is selected only the phase angle shift
compensation will be performed while for winding(s) where matrix transformation MO(®y) is
selected both the phase angle shift compensation and the zero sequence current reduction
will be performed.

3. Application of 87T on a PAR Transformer of Asymmetrical Dual Core Design

In this section the recorded files from an installation of two identical PAR transformers
positioned at one end of two parallel 380kV overhead lines (OHL) are used to present
practical application and check performance of the universal 87T differential method. Every
PAR is of asymmetric, dual-core design [5] with rating 1630MVA; 50Hz; 400kV; +18°. A
relevant part of the PAR rating-plate is shown in Figure 2. The on-load tap-changer (OLTC)
was on position 30 when this fault occurred. The first column in Figure 2 represents the
available OLTC positions, in this case 33. From column three it is obvious that the base
current for the PAR source side is constant for all positions and has a value of 2353A.
Column five in Figure 2 gives the base current variation for the PAR load side. Finally the
fourteenth column in Figure 2 shows how the no-load phase angle shift varies across the
PAR transformer for different OLTC positions.

Note that the phase angle shift on the PAR rating plate is given as a positive value when the
load side no-load voltage leads the source side no-load voltage [5] (i.e. advanced mode of
operation). Therefore, if the phase shift from Figure 2 is associated with the load side (i.e.
source side taken as reference side with zero degree phase shift) the angle values from the
rating plate must be taken with the minus sign. Note also that this particular PAR has a five-
limb core construction for the both internal transformers (i.e. serial and excitation
transformer). Therefore the zero sequence current will be properly transferred across the
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PAR and M(®) matrices can be used on both PAR sides (i.e. it is not required to remove zero
sequence currents). From the data presented in Figure 2 the following equation is written for
OLTC position 30 in accordance with the methodology of the universal 87T relay [4].
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In a similar way this matrix equation can be written for any other OLTC position if appropriate
values from Figure 2 are given for the base current and the phase angle shift on the load
side of the PAR transformer.

The captured recording represents two simultaneous single phase to ground faults on two
OHLs connected on the L-side of the two PARs. On OHL #1, connected in series with
PAR #1, it was a phase L2 to ground fault while on OHL #2, connected in series with
PAR #2, it was a phase L1 to ground fault. Actually two separate recordings, one per PAR,
were captured during this fault by existing numerical differential relays having sampling rates
of twelve samples per power system cycle. Recorded source and load side current
waveforms were run in a MATLAB model of the universal 87T differential relay. In Figure 3a
and Figure 3b the following recorded or calculated traces are presented:

PAR S-side current waveforms in pu

PAR L-side current waveforms in pu

Instantaneous differential current waveforms calculated by using equation (1.5), in pu
RMS values of differential currents calculated by using equation (1.5), in pu

Phase angle difference between positive and negative sequence currents from the two
PAR sides during the disturbance.

The two figures show that during this special external fault individual phase currents had
values in the order of 10pu, while the differential RMS currents calculated by the universal
87T differential relay remain within 0,15pu (i.e. 15%) of the PAR rating for both transformers.
This indicates that the universal 87T differential relays would remain completely stable during
this special external fault. The measured phase angle shift between the sequence current
components from the two PAR sides is £16° and it corresponds well with actual the phase
angle shift for this PAR at OLTC position 30 confirming the rules stated in [1]. Note that
neither the fault inception nor the fault clearance has any practical influence on the phase
angle shift of 16° between the positive sequence current components from the two sides of
the protected PAR transformer.
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4. Variable Frequency Transformer System

The variable frequency transformer (VFT) is a controllable, bi-directional transmission device
that can transfer power between two asynchronous AC networks [7], [8]. Functionally, the
VFT is similar to a back-to-back HVDC converter. The core technology of the VFT is a rotary
transformer with three-phase windings on both rotor and stator. A motor and drive system
are used to adjust the rotational position of the rotor relative to the stator, thereby controlling
the magnitude and direction of the power flowing through the VFT. Essentially VFT is a
continuously variable PAR transformer that can operate for any phase angle shift W as
shown in Figure 4. Note that the angle ¥ depends on the relative position between stator and
rotor, while the rotor speed of rotation depends on the frequency difference between the two
interconnected networks. Thus from the differential protection point of view the value of the
angle ¥ will continuously change in time.
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29 |400000 | 2353 |415793 | 2763 | 65533 | 2263 |106089 | 1398 [400000 | 642.3 |106080 | 2420 158
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27400000 | 2353 [#13653 | 2275 | 60852 | 2775 | 98512 | 1405 |400000 | 589.5 | 98517 | 2434 148
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Figure 2 : Rating plate of the PAR with asymmetrical type, dual core design
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Figure 3 : Behaviour of the overall 87T differential relay for captured recording of external fault
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Figure 4 : VFT principle drawing

Now equation (1.1) can be written in the following way for VFT:

I | I |
d_I1 1 ILI_S | ILI_R
jz_i‘;‘ ) Base _Stator M(O ) IL2—S " Base _ Rotor M(\Il(t)). ILZ—R (1.6)
- 1 1
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Where:

> |« s are the measured phase currents for the stator winding
> |« r are the measured phase currents for the rotor winding
» X, yand z are the individual elements of the rotor MX matrix

Thus if the value of the angle W is known to the differential relay at any time instant, for

example via a communication link or via a mA signal, the overall differential currents can be

calculated by using equation (1.6) in accordance with the setup shown in Figure 1. One

example will be shown here. In Figure 5 the following traces are shown:

a) Stator three phase current waveforms with a frequency of 50Hz

b) Rotor three phase current waveforms with a frequency of 51Hz

c) Values of the three elements x, y and z, as shown in equation (1.7), in the rotor M (¥ (¢))
matrix used for the phase angle shift compensation

d) Three-phase differential current waveforms as calculated by the differential protection
using equation (1.6)



Stator Current Waveforms

' 5] n
100 FATAR RVATAV
i 1 ‘
§ ' i N ! I' '
= AN Al
a) 8 0| H I IR T AR
5 ey
O ' ! H Y IR
r) h !
— 100 P ", NG
" \‘. -I
0 50 100
Time [ms]
Rotor Current Waveforms
3 \ ) - ’
OASANSANSAN
100] % ' !y ' '
S \ / anr | 1h ' I\ ) i
b) % ULERARULAR A B AL H B
5} O v ] H \ ] ] I' " ' \ ] ]
E A AR NIARAAIE i
@] ' H ( ! H
—1ooff £ A ¥ e '
(I , \
VUV VYV
0 50 100 150 200
Time [ms]
Rotor Matrix Coeficients
1.1
1 <~
0.9 .o
08 ———— Y 1
O.g o] z []
c) o 05 PP T Lt B
> . Co--
0.2 LT
01 L u--
0
-0.1
-0.2
-0.3
-04
0 50 100 150 200
Time [ms]
Diff Current Waveforms
10]
e 1d L1
----1d L2 |
B 5 —— 1d L3
§
d) 5 0
=t
=3
@]
-5
- 10
0 50 100 150 200
Time [ms]

Figure 5 : Example of overall differential protection for VFT transformer

Note that calculated differential current waveforms, by the differential protection using
equation (1.6), are always equal to zero irrespective of different frequencies of the stator and
rotor currents. Thus the overall VFT differential protection is fully balanced for this particular

case.



5. Conclusion

The feasibility of advanced on-line phase angle shift compensation within a universal 87T
differential protection for PAR transformer applications has been demonstrated. Such 87T
relay provides simple but effective differential protection for all types of PAR transformers.
The relay is very similar to already well-established numerical 87T differential protection
relays used for standard power transformers. The only difference is that elements of M(®) or
MO(®) matrices, used to provide the phase angle shift compensation and the optional zero
sequence current reduction, are not pre-programmed and fixed within the differential relay,
but are instead calculated on-line. The calculation is based on the information about actual
phase angle shift (e.g. based on actual OLTC position). Exact formulas how to calculate
these matrices are given in the paper.

Such universal 87T differential relay will also eliminate any need for buried current
transformers within the protected power transformer tank as usually required by presently
used PAR differential protection schemes [4], [5], [6]-

It seems also possible to use the same approach for overall differential protection of Variable
Frequency Transformers.
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