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ABSTRACT
In this paper mathematical modeling of three phase power transformer phase-shift compensation for Digital
differential protection using star/star connected current transformers was developedto calculate the differential
operating currents. In developing theAlgorithm, power transformer star and delta windings configurations,
current transformer and vector group’s configurations parameters Were put into consideration.The model
performs compensation for current magnitude, phase-angle shift,current transformer mismatch errors and zero-
sequence current.Results show that, the resultant operating current I, flowing through the operating coil of the
differential relay summed to zero during normal operation and during external faults, and discriminate internal
faults from magnetizing inrush currents.This concludes that there is no fault in the protection zone. This
validates the accuracy of the developed model. The model will be used to calculate for differential operating
currents in any three-phase power transformer, variants vector group with 30° phase angle shifts, and overall
differential protection of two or more parallel connected power transformers. The differential protection for any
three-phase power transformer will be ideally balanced for all symmetrical and non-symmetrical through-load
conditions and external faults irrespective of transformer construction details and actual on load tap changer
position.
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I. INTRODUCTION

Power transformer is a static piece of Electrical equipment with two or more windings which, by
electromagnetic induction, transforms a system of alternating voltage and current into another system of voltage
and current usually of different values and at the same frequency for the purpose of transmitting electrical power
according to [1, 2]. This static device, totally enclosed and usually oil immersed, and therefore, chances of fault
occurrence on them are very rare, but the damaged caused by the faults usually takes much more time and
money to repair than are required to repair the damaged caused by the fault on transmission lines[3, 4].In
general, transformers are exposed to internal and external faults. Protection equipment consisting of CTs and
relays defines the zone of protection. Faults inside this zone are termed as internal, and outside of this zone as
external. Transformer internal faults can cause fire and damage a transformer to an un-repairable degree. The
consequences of even a rare fault may be very serious unless the transformer is quickly disconnected from the
system. Hence automatic protection of transformers against possible faults is essential and of utmost
importance.To protect this costly equipment, microprocessor differential protection relays are widely used now-
a-days. They provide high-speed multi-level protection and monitoring of a transformer and trip circuit breakers
responsible for isolating this transformer. Protection should be provided against different faults and abnormal
operation.According to [5, 6], differential protection is the most reliable scheme, but it is typically used for
transformers rated above 5.0 MVA. Protection of three-phase transformers requires that primary and secondary
currents of the three-phases are compared individually to achieve differential protection of the three-phase
transformer. Under normal load conditions, the currents in the primary and secondary windings are in phase, but
the line currents on the star and delta sides of the three-phase transformer are out of phase by 30°[7].

According to [8],an internal fault creates a difference between the currents entering and exiting the
protected zone. Thus, a protective relay will be subjected to a difference of currents in the secondary windings
of CTs. If the operating current exceeds the relay pickup value, the relay will trip the circuit breakers.

DOI:10.9790/1813-0808017380 www.theijes.com Page 73


http://www.theijes.com/

Mathematical Modeling of Three Phase Power Transformer Phase-Shift Compensation ...

I1. DESCRIPTION

2.1 Power Transformer Winding Compensation

The four distinct ways by which a three phase two-windings power transformers can be connected
includes star/star (Y/Y), delta/star (A/Y), star/delta (Y/A) and delta/delta (A/A). For a star/star (Y/Y), or
delta/delta (A/A) connections, there is no phase shift between corresponding quantities on the low-voltage and
high-voltage windings. However, for delta/star (A/Y), or star/delta (Y/A) transformer windings connections
there is a phase shift in a balanced voltage and currents of typically + 30° depending on transformer
connections[9, 10, 11].In order to correctly apply transformer differential protection it is necessary to properly
compensate for the 30 degree phase shift, in electromechanical differential relays, the common approach to the
delta / star winding compensation is to connect the CTs on the delta transformer winding in star and the CTs on
the star winding in deltaas shown in fig: 1[12], or using interposing CTs to compensate for a) Current
magnitude; b) Phase angle shift; and c) provide zero sequence current.This is to ensure that the phase shifts
created in the currents of the power transformer are compensated by the CTs, so that the secondary currents are
once again in phase. Ideally, net current flowing through the operating coil of the differential relay would be
zero during normal operation and during external faults; practically, this is usually impossible in
electromechanical relays assmall amount of current still flows in the operating coils of the differential relay
because of CT ratios mismatch and differences in characteristics of the CTs between CTs on the high-voltage
and low-voltage sides of a power transformer as shown in figure 1. The Digital Differential relays see this
phenomenon as fault currents and consequently will trip or isolate the circuit [13].
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Figure 1: Traditional Electromechanical Relay connection

2.2 Power Transformers Differential Protection

Differential protection is one of the most widely used methods for protecting power transformer against
internal faults. The technique is based on the measurement and comparison of currents at both sides of
transformer’s windings. Differential relay protection operates on the basic theory of Kirchhoff’s current law
which states that the sum of the currents entering the node should equal the sum of the currents leaving the node.
The differential relay trips whenever the difference of the currents in both sides exceeds a predetermined
threshold. These types of differential relays compare the currents coming in from the high and low side of the
transformer and determine if a fault is present within the zone of protection. However, there are several factors
that can affect the difference in the currents the relay sees which can result in mis-operations. These factors are
CT mismatch errors, phase shift and zero sequence current due to transformer delta-star transformation. In
addition, when these factors are present, the differential relays can operate either due to a slight increase in load
or during an external fault. CT mismatch errors are inherent in electromechanical relays. There errors are caused
by difference in voltage levels which required different current transformer and results in different operating
characteristics [14, 15]. If the mismatch error is too large, it can cause the differential relay to mis-operate. The
phase shifting of the transformer and its respective vector group is another factor that can cause differential
errors. The vector group provides the amount of phase shift that will occur when the current goes from the
primary to secondary side of the transformer.
Differential elements compare an operating current with a restraining current. The operating current, I
obtained from equation (1) aslop = Iq = [Igg + Ig2[(1)
where I is proportional to the fault current for internal faults and approaches zero for any other operating
conditions. The restraining current, Igyis obtained using equation (2) as

Igr =K |Ipy — Igg|

op» Can be
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I =Max(|Igq| * [Ig21)(2)

Where k is a compensation factor, usually taken as 1 or 0.5; The differential relay generates a tripping signal if
the differential current, Iy, is greater than a percentage of the restraining current, Ir.

Iq4 >SLP.Ig;(3)

A typical digital differential relay tripping characteristic is shown in Figure 2[13].
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Figure 2: Digital Differential relay tripping characteristic

2.3. Power Transformers Vector Groups

Transformer vector group shows the phase difference between the primary and secondary sides of the
transformer. The vector group is used to determine the high voltage and low voltage windings arrangement of
three-phase transformers. In a two winding three phase power transformer, the primary winding can be
connected in various ways either in star, in delta or inter-star (or zigzag); similarly, the secondary winding can
be connected in star; in delta or inter-star (or zigzag). Power transformer introduces a phase angle difference
between primary and secondary voltages of 30° degrees phase shift when connected in delta-star or star-delta.
Delta and star connections are most commonly used. The zigzag connection finds occasional applications,
mostly in specialized constructions like earthing transformer and transformers for multiple pulse circuits. It is
common practice to designatea delta winding with letter D and Star winding with letter Y. The lower case letters
are applicable for the lower voltage connections (d, y and z).Based on this, it is theoretically possible to connect
any pair of windings in a 3 phase transformer in the following pairs of combinations: Dd, Dy, Dz, Yd, Yy, Yz,
Zd, Zy and Zz; of this, the first six, are the most commonly encountered ones in practice. Power Transformer
winding vector group configurations are referred to by terms such as Dy# or Yy# or Dz# or Yz#; where # is any
hour of the clock. The clock is divided into 12 segments, each segment number indicates the number of 30
degree increments the phase angle is shifted. The phase difference varies in steps of 30 degree, the 12'0 clock
position represents zero or 360 degrees; hence the terms “around the clock” phase shifting. The minute hand is
set on 12 o’clock and replaces the line to neutral voltage of the HV winding. This position is always the
reference point. For instances, I'0 clock position signifies phase shift of 30 degrees to right; 6'0 clock position
signifies 180 degrees; and 11'0 clock position corresponds to 330 degrees or phase shift of 30 degrees to left.
The clock position indicates the angle by which secondary vector leads or lags the primary vector. The phase
angle displacement depends on the winding connection details for the specific power transformers.In delta/star
or star/delta transformer configurations, positive sequence quantities on the high voltage side (H) lead the
corresponding quantities on the low voltage side (X) by 30 degrees. The vector group Dyl1l means the Star
winding lag Delta winding by phase shift of 11x30 =330 degree or the Delta leads Star by —30 degree.
Similarly, Dyl means a phase shift of 1x30 = 30 degree.According to[2,....]IEC 60076-1 standard,
1997;Lawhead, et al, 2006, the commonly used vector groups Dyl and Dyl1 connections for two-winding
three-phase power transformers are shown in Figures 3 and 4respectively.
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Figure 3: (i) Delta-Star Connection (ii) Dy1 (+30°) vector group

DOI:10.9790/1813-0808017380 www.theijes.com Page 75


http://www.theijes.com/

Mathematical Modeling of Three Phase Power Transformer Phase-Shift Compensation ...

X2
\ A
Ws 1 1
We . x3 /N
X0 71\
X1 w A 21V
Figure 4:(i) Delta-Star Connection (ii) Dy11 (—30°) vector group

I11. MATERIALS AND METHODS

3.1 Developed Mathematical Model for Power Transformer Phase-Shift Compensation
In developing theAlgorithm, power transformer star and delta windings configurations, current transformer and
vector group’s configurations parameters were put into consideration.
Let apply the flux balance equation (3.1) of a three-phase, two windings power transformer with three sets each
in primary and secondary. Each winding will produce a flux that is proportionate to its load current. The flux
levels will be:

¢1= NpKcli9, = NgK Iy

02 = NchIZ(pS = NchIS(l)

P3= NchI3(p6 = NchIG

1

Np Kc (2)

Where ¢ is the flux proportional to load current in the windings set; N, N is the number of turns in
primary and secondary winding set; and K¢ is proportionality constant that would be specific to the core. This
K. factor will cancel out of the current differential equations so we do not need to know its specific value.
Ke1lis flux proportional to the transformer coil turns. Equation (2) state the current in terms of the core flux in
each transformer winding. Introducing matrix representations of the equations, for primary winding set W; and
secondary winding setW,,

and Ko;=

I;W; Ke1 O 0 @1
LW, = 0 K¢l 0 |x|¢2fand,(3a)
I; W, 0 0 Kol @3
LW, Ko1 0 0 @4
LW,=] 0 K¢l 0 [x[@5]|@3b)
I3W, 0 0 Koll l¢6

Condensing the matrixes form, equation becomes
I123W; = K@ipri X @qz3and  I456 Wo=K@sec X @P456(4)
Recall the above equations are referring to load flux, for load induced flux, we can assume that in each leg of the
transformer the flux that is caused by load current sums to 0 in normal operation.
The equations are:
Phase 1: @1 + 0,4 =0
Phase 2: @, + @y5=0
Phase 3: @3 + Oye=0 (5)
The equation assumes the summation of the flux is zero.

3.1.1  Transformer Windings Configurations

There are six ways to connect a star winding; each modifies theW; ,W,, W; or W,, Ws, and W,
currents. The two 3x3 matrices represents how the winding current can be transformed by the various star
connection. In the condensed matrix equations (6a and b) on the right hand side, these matrices are written as the
negative of one of the other as noted in the left column, however, since the primary side of the transformer is
delta connected no compensation is required and will use the unit matrix. In both cases, the left hand column
matrixes represent each vector group (e.g. Dyl) configuration which is used to compensate the phase shift
across the transformer.

1A 1 0 0] [K¢ 0 07 1ol
Yo1B=]0 1 0fx] 0 K¢ 0 |x|@2|=1xsc=1x Kox123(6a)
1C 1o o 1/10 0 Kol L3
1A [-1 0 O0]1[Ke 0 07 11
Ye(negated Yg) 1B=({ 0 -1 0 x| 0 Ko O [x|[@2]| =1asc=—1x Kox123(6h)
1c Lo o -11l0o o Kol lg3
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There are two basic forms of connecting delta windings, the difference between phases A and B (DAB)
connection and the difference between phases A and C (DAC) connections. The current seen by the relay is a
summation of two phase currents. Similarly, two 3 x 3 matrices for DAB and DAC are presented in equations
(7) and (8) which represents how the winding currents can be transformed by the various delta connections.

14 1 -1 0 Ko 0 07 rel
D;(DAB)IB = |0 1 —1] x[ 0 K¢ 0 |x|@2]| =1ssc = D1 xKox@(7)
1C -1 0 1 0 0 K¢l le3l
14 1 0 -1 K¢ 0 0 (1]
Dy(DAC)IB=]-1 1 0 l x| 0 K¢ 0 [x|@2] =1agc =D xKoxes (8)
1C 0 -1 1 0 0 K¢l L3l

The difference between the DAB and DAC transformer connection is simply created by swapping two
phases (B and C) on the delta connected transformer winding which change the phase sequence.
For calculation of the overall transformation equations, the delta/Star Connected transformer turns ratios are
givenas: Dy = V3 (Vy/V.)(9)
Where Dy is Delta/Star connected transformer; Vy is the High voltage side and V_is Low voltage side.
The CT ratio factor = N-lcTHV X NCTLV = ::CTLV (10)

CTHV

And the overall transformation ratio as:
Ko =K"ouv x KoLy= \/3 Py uv( 1)
Hence, the relay magnitude compensation coming into the star connected transformer (Low voltage side)

becomes;
M (0)mag = [—1 x Kopy x Ko 'Ly X Nerpy X Nery] = —Kp(12)

3.1.2 Current Transformer (CT) Connections
Star CTs connection on the primary and secondary windings is given in equations (13a and b) as:

Id,, relay Ner
Ycro: =ldpy relay =] 0 NCT I l Ner X 14pc(139)
Id  relay 0 Ncr
Id,; relay [-NCT 0 0 I,
Yere=ldp, relay=| 0  —NCT 0 |[x[Ip|={—NcrX I} (13b)
Id., relay 0 0 —NCT I,

Where Ncrt is the transformation ratio factor; Net = IS“/ i
Tl
The connections of both CTs are such that the currents Id,; and Id,, are having a phase difference of 180°.

3.2 Developed Mathematical Compensation Model

Combining all compensation techniques presented in section 3.1 into equation (14), the resultant
differential operating current (I,,) algorithm for any two winding; three phase power transformer is represented
as

Iopq Id,relay Idg relay
[Iopz]z Idy relay + Idy,relay| = 0
Iyp3 Idrelay Id.relay
100 k2 0 Ioz
o3 b (3 oo 3 b
0 0 1 0 —k2 I,

Thus IOP123 = [M(e)phasex Idal,bl,cl'] + [M (B)Mag X M(e)phase X IdaZ,bZ,cZ] = 0(14)

Where [yp1,3 = differential relay operating currents;
Idg p11= differential restraint currents at the primary winding;
Id,; p2 o= differential restraint currents at the secondary winding;
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M(e)phase
M(G)Mag

= phase compensation at the secondary side of the transformer winding;

= magnitude compensation at the secondary side of the transformer winding.

Equation (14) revealed that when the transformer is operating under normal condition, the resultant operating
current on each winding side due to load currents summed to zero.

The compensation model can be achieved by inputting the power transformer parameters correctly
from the name plate which includes; (a)Transformer apparent power MV A rating, (b) input and output voltages
levels, (c) Transformer turn ratio (d) primary and secondary windings configuration, (e) vector group e.g. Dynl,
(f) System frequency, and (f) Select appropriate current transformers (CTSs) ratio relays’ primary and secondary
sides as well as the normal loading that the user expects which tells the relay what constitutes balanced current
magnitudes.

The developed model will be used to calculate for differential operating currents: (a) In any two-
windings, three-phase power transformers; (b) For variants vector group with +30° phase angle shifts; and (c)
Differential protection of two or more parallel connected power transformers.

The proposed Mathematical model is dependent on the correct values of the base current and phase angle shift

for every power transformer sides available to the differential protection algorithm. These values are obtained as

fixed values, determined from the protected transformer rated data and vector group, which are entered as

setting parameters by the user (Protection Engineer). With the model, power transformer differential protection

can simultaneously:

a) Provide current magnitude compensation for every side of the protected transformer,

b) Provide phase angle shift compensation between primary and secondary windings of the power
transformer,

c) Zero sequence current compensation, and CTs ratio mismatch.

IV. ANALYSIS AND RESULTS

4.1 Evaluation of the developed Compensation Model using Star/Star connected CTs with Vector group
Dyl

Evaluating the developed Digital differential relay operating current using Star—Star connected CTs,
the maximum base power rating of a two winding three-phase power transformer is 200MVA, 50Hz, 330KV/
132 KV (DAB) delta / (YY) Star, 350/875Amperes and Dyl vector group was analyzed as presented in Table 1.
For this application, Digital differential protection solution with vector group (Dyl, DAB) of phase angle shift
of +30° with main CTs star - star connected at both sides of the protected power transformer was evaluated.
Assume that the transformer is carrying normal load and that the current in phase A on the star side is the
reference phasor.

Table 1: Base Current Calculation for Dyl (DAB) Power Transformer
Windings Configuration Primary Base Current (1) Amps. CT Secondary Current (Amps)
High Voltage, W; 1W, = _200x10° ;30 lay = VL _ 350

_ V3x 330x 103 CTR1 ~ 400/5
830KV - Delta (4) - (303.02 + j174.95), = (3.788 +j2.187),

12W; = (0.0 +j349.9), Inn= (0.0 +j2.187),
13W; = (—=303.02 — j174.95) ley=(—3.788 — j2.187)
Low Voltage, W, W, = 220x10° la, = W2 _ _BT5

132KV- Star (y),
Taking phase A as
reference phasor

T V3x132x 103 CTR2 ~ 1200/5

= (874.77 + j0.0),
I,W,, = (—437.385 + j757.573),
IsW, = (—437.385 — j757.573)

= (3.645 +j0.0),
loo = (—1.8225 + j3.1567),
lco = (—1.8225 - j3.1567)

Since both primary and secondary windings are to be connected using Star-Star CTs (Ycro and Ycre);
and from Table 1 the high winding side current is 350Amps and the low voltage side current is 875 Amps;
therefore select CTs of three set each of 400:5A for high voltage side and another three set each of 1200:5A CT
ratio for low voltage side being the nearest standard CTs greater than the calculated values.

The CTs on the transformer Delta/Star windings are connected star such that the current I,,, andl,,,are having
a phase difference of 180°) i.e. Ycrg (180°) inverted.
From equation (10) CT turn ratio = N~ ey X Nery =
From equation (11), transformer turn ratio is

Kopy X Koy = 2= B2 = 02309

VExNDLL  v3x330
Multiplying equations (10) by (11) and substituting the values, the magnitude compensation,

M
® E i’g‘(‘)‘{) )] =[-1x0.2309 x 3] = — 0.6928

Nturn LV 5/400

= and
Nturn HV 5/1200
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In order to calculate the differential currents, the overall magnitude and phase compensation matrixes for the
Dyl (DAB) power transformeris presented in Table 2.

From the relay comparators point of view, it monitors current in two phases of the transformer at a time.
Thus Id,,; Relay = —K (15, — 12)= — 0.69284 (5.4675 + j3.1567) = (— 3.788—j2.187 )
Idp, Relay = =K (12 — 1) = — 0.69284 (0.0 +j6.3134) = (0.0 - j4.374)
Ide; Relay = —K (1, — 1) = — 0.69284 (—5.4675— j3.1567)= (3.788+;2.187 )
From equations (13), the phase compensation on the high voltage side and the overall magnitude and phase
compensation on the secondary windings are sums together to obtain differential operating currents (1,,,)
Iop1 = lda, relay + 1d,, relay

[(3.788 +j2.187) + (—3.788 —j2.187)] =0
lLopz = 1dy relay + 1dy, relay

[(0.0 +j4.374) + (0.0 - j4.374)] =0
Ioy3 = 1dc relay + 1dc, relay

[(3.788 — j2.187) + (—3.788+/2.187 )] = 0

Table 2: Phase Angle Compensation for Dyl (DAB) Power Transformer

Magnitude and Phase Compensation Matrix Differential Relay
Restraining Current
High Voltage, W, 1 0 0] [a1 I x Idal, b1, cl. relay
330KV — Delta (4) M(8°)phase X 1al,b1,c1= [O 1 0] X Ibl]
0 0 11 Uy
Low Voltage, W, M(6)mag X MO (+30%)phase x lal,bl,cl Ida2, b2, c2. Relay
132KV- Star (), [—k 0 0 ] [ 1 -1 0 ] [Iaz] —k(lys - 1,2)
=0 -k oOofx|]0 1 —=1|x]|l _
0 0 -k l-1 o 1]l k(lyz - 1c2)
_k(ICZ _IaZ)
Relay operating Current | (M(8)phase X 1a1,b1,c1) + (M(B)mag X M (B)phase x lal,bl,c1) = 0
Uop)

The results show that, the net current (I,,,) flowing through the operating coil of the differential relay equal to
zero during normal operation and during external faults; this conclude that there is no fault in the protection
zone.

S,=200MVA, 330/132kV
400/5A W, 1200/5A

w,
CcT, MCY, r
J’Y\ | | .
-~ [Y\L y
oo ava b
. )|

(DAB) Dy1

3

—

Micro processor-based
Differential Relay

Figure 3: Proposed differential relay protection using Star-Star connected CTs

This validates the accuracy of the developed model. Figure 3 shows schematic diagram of the proposed
differential protection using Star-Star connected CTs.

4.2 Validation of the Developed Compensation Model

Results of the developed compensation model were validated as shown in Table 2. Proper selection and
application of Star / Star CTs connection on both sides of the transformer windings is critical to the accuracy of
the analysis. For star connected main CTs, secondary currents fed to the differential relay are directly
proportional to the measured primary currents; are in phase with the measured primary currents; and contain all
sequence components including the zero sequence current components. The model will be used to calculate for
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differential operating currents:a) In any three-phase power transformer, b) For variants vector group with 30°
phase angle shifts, c¢) For overall differential protection of two or more parallel connected power transformers,
d) the CT mismatch errors and zero sequence current.Several cases were tested and results indicates that the
proposed model proved to be very effective in improving the performance of any three-phase power transformer
protection schemes based on the current measurement.

V. CONCLUSION

Evaluation of the developed model using Star-Star Connected CTs for two-winding, three-phase Power

Transformer was presented. It shows that:

a) The mathematical model performs compensation for current magnitude, phase-angle shift, the CT mismatch
errors and zero-sequence current. The resultant sums of the differential relay operating current equal to zero.
This indicates that there is no fault in the protection zone.

b) It eliminates common wiring errors that often occur when making up a delta connection.

c) Star-Delta connected transformer windings using the model do not required interposing or dedicated CTs
for other protection or metering functions.

d) With this model, metering and event reports (measurements) give actual line currents, rather than the
summation of two phases as the case with delta/star CTs.

e) Itallows monitoring ground current in the lines and the use of ground relays. It also reduces lead burden for
a phase fault.

f) Digital relays can be used with lower burden star-connected CTs regardless of transformer winding
connections and can accommodate virtually any transformer application.

Thus, results of the analysis validate the Digital differential relay compensation model developed. The
new compensation model is quite unique, as all necessary transformer data were obtained from the protected
power transformer nameplate. The viability of the proposed model to provide differential protection for power
transformers has been demonstrated by implementing the proposed techniques in actual field installations at a
power transmitting station.
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