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Estimation of Delta Winding Current and Its Application to a  
Compensated-Current-Differential Relay for a Y-∆ Transformer 

 
 

Yong-Cheol Kang*, Byung-Eun Lee† and En-Shu Jin** 
 

Abstract – The compensated-current-differential relay uses the same restraining current as a conven-
tional relay, but the differential current is modified to compensate for the effects of the exciting cur-
rent. Delta winding current is necessary to obtain the modified differential current for a Y-Δ trans-
former. This paper describes an estimation algorithm of the delta winding current and its application to 
a compensated-current-differential relay for a Y-Δ transformer. Prior to saturation, the core-loss cur-
rent is calculated and used to modify the differential current. When the core first enters saturation, the 
initial value of the core flux is obtained by inserting the modified differential current into the magneti-
zation curve. This flux value is used to derive the magnetizing current and consequently the modified 
differential current. The operating performance of the proposed relay was compared against a conven-
tional current differential relay with harmonic blocking. Test results indicate that the proposed relay 
remained stable during severe magnetic inrush and over-excitation, and its operating time is signifi-
cantly faster than a conventional relay. The relay is unaffected by the level of remanent flux and does 
not require an additional restraining or blocking signal to maintain stability. This paper concludes by 
implementing the proposed algorithm into a prototype relay based on a digital signal processor. 
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1. Nomenclature 
 

Symbols Definition 
vA, vB, vC Primary voltages 
iA, iB, iC  Primary currents 

vab, vbc, vca Secondary voltages 
ia, ib, ic Secondary line currents 

iab, ibc, ica Secondary winding currents 
ipa, ipb, ipc Non-circulating components 

i∆ Circulating component 
RA, RB, RC Primary winding resistances 
LlA, LlB, LlC Primary leakage inductances 
Ra, Rb, Rc Secondary winding resistances 
Lla, Llb, Llc Secondary leakage inductances 
eA, eB, eC Primary induced voltages 

eab, ebc, eca Secondary induced voltages 
RcA, RcB, RcC Core-loss resistances 
LmA, LmB, LmC Magnetizing inductances 

ieA, ieB, ieC Exciting currents 
icA, icB, icC Core-loss currents 

imA, imB, imC Magnetizing currents 
N1, N2 Number of windings 

 
 

2. Introduction 
 
Transformer protection relays must be able to distinguish 

an internal fault from all other operating conditions. During 
magnetic inrush or over-excitation, a conventional current 

differential relay may mal-operate due to the increased 
magnitude of the exciting current. To ensure stability, re-
straining or blocking signals are used to disable or de-
sensitize the relay. Einvall and Linders [1] proposed a 
composite restraint function based on the 2nd and 5th har-
monics; the technique ensures stability but may delay the 
operating time on an internal fault. 

Phadke and Thorp [2] suggested a flux-restrained current 
differential relay that calculates the flux using the primary 
voltage. The technique assumes that during magnetic in-
rush, the magnetizing current and the flux comply with the 
magnetization curve of the core; but during an internal 
fault, the flux is proportional to the magnetizing current 
with a small slope. The technique assumes the primary 
current is the magnetizing current. Difficulties arise when 
magnetic inrush occurs on a loaded transformer or during 
over-excitation. 

Techniques have been reported that rely on the electro-
magnetic equations of a transformer [3], [4]. The operating 
speed of this type of relay is very fast, but the primary and 
secondary voltage and current signals are required. 

A conventional current differential relay compares the 
primary and the secondary winding currents. During mag-
netic inrush or over-excitation, the relay may mal-operate 
because the exciting current can be significant but cannot 
be measured. Kang et al. proposed a compensated-current-
differential relay for transformer protection [5]. The relay 
uses the same restraining current as a conventional relay, 
but derives a modified differential current that compensates 
for both the core-loss and the magnetizing currents. The 
technique supports a reduction in the operating time, but 
for a Y-Δ transformer, the delta winding current must be 
measured or calculated. 
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Delta winding current can be decomposed into two 
components, i.e. circulating and non-circulating compo-
nents. The latter could be estimated directly from the line 
current but the former could not [3]. For an ultra high volt-
age transmission system, the delta winding current should 
be known for reliable protection of a conventional differen-
tial relay. For example, for the 765kV system in Korea, 
current transformers are mounted inside a transformer to 
measure the delta winding current. This inevitably in-
creases the size and cost of the transformer. 

This paper proposes a compensated-current-differential 
relay for Y-Δ transformer protection. To apply the compen-
sated-current-differential relay to Y-Δ transformer protec-
tion, the delta winding current should be known. A method 
to estimate the circulating component of the delta winding 
current is also described. This estimate is then used to 
modify the differential current, using a similar technique as 
in [5]. The operating performance of the proposed relay 
and a conventional current differential relay with harmonic 
blocking were then evaluated under various EMTP simu-
lated scenarios including magnetic inrush, internal faults 
and over-excitation. This paper concludes by implementing 
the algorithm into a prototype relay based on a digital sig-
nal processor. 

 
 

3. Compensated-current-differential Relay  
for Y-∆ Transformer Protection 

 
Fig. 1 shows a three-phase Y-Δ transformer and its  
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Fig. 1. Three phase Y-∆transformer and its equivalent circuit. 

equivalent circuit. For simplicity, it is assumed that 
RA≈RB≈RC=R1, LlA≈LlB≈LlC=Ll1, Ra≈Rb≈Rc=R2, and Lla≈Llb 
≈Llc=Ll2; although the derivation is still applicable even if 
this assumption is not valid. 

If there is no internal fault, primary and secondary volt-
ages can be represented by 

 

A
A

lAA e
dt

diLiRv ++= 11                 (1) 

B
B

lBB e
dt

diLiRv ++= 11                 (2) 

C
C

lCC e
dt

diLiRv ++= 11                 (3) 

ab
ab

labab e
dt

diLiRv ++= 22               (4) 

bc
bc

lbcbc e
dt

diLiRv ++= 22               (5) 

ca
ca

lcaca e
dt

diLiRv ++= 22               (6) 

 
3.1 Conventional Current Differential Relay with 

Harmonic Blocking 
 
This subsection will describe the main features of a con-

ventional current differential relay with 2nd and 5th har-
monic blocking applied to a three-phase Y-Δ transformer 
(see logic diagram in Fig. 2). The results obtained with this 
relay were compared with the proposed relay and are pre-
sented in section 4 for the A phase element. The conven-
tional relay derives the magnitude of the fundamental 
component of the operating differential current IdA using 

 
aCAdA IaIII
rrr

−−=                     (7) 

 
where a = N2/N1. 

The magnitude of the fundamental component of the re-
straining current IrA is obtained by 

 

2
aCA

rA

IaII
I

rrr
+−

=                    (8) 

 
The characteristic of the differential relay (87R) is given by 
 

 

Fig. 2. Logic diagram of a conventional differential relay 
with harmonic blocking. 
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rAoffsetdA KIII +≥                  (9) 
 

where Ioffset and K were set to 15A and 0.3 respectively. A 
blocking signal (87BL) is activated if either (10) or (11) is 
satisfied. 

 
22IKId ≤                      (10) 

25IKId ≤                      (11) 
 

where I2 and I5 are the 2nd and 5th harmonic components of 
the differential current and K2 and K5 are constants, set at 
12 and 15, respectively. These values were chosen to en-
sure the trip signal is blocked for all magnetic inrush and 
over-excitation conditions on the model test system. 

 
3.2 Compensated-current-differential Relay for Y-Δ 

Transformer Protection 
 
IdA of the conventional relay does not consider the effect 

of the exciting current; thus, during magnetic inrush or 
over-excitation, IdA can exceed the operating threshold and 
the relay may mal-operate. The proposed relay uses the 
same restraining current as the conventional relay but mod-
ifies the differential current to include the effect of the ex-
citing current.  

To derive the compensated-current-differential relay for 
Y-Δ transformer protection, the delta winding current 
should be calculated before the differential current is modi-
fied. Once the delta winding current is obtained, the proce-
dure of deriving the modified differential current is the 
same as [5]. To cope with the remanent flux, the relay ob-
tains the modified differential current separately ‘before 
saturation’ and ‘during saturation’. Before saturation, since 
the magnetizing current is negligible, only the core-loss 
current is calculated and used to obtain the modified differ-
ential current. During saturation, because the magnetizing 
current becomes significant, both the core-loss and mag-
netizing currents are calculated to obtain the modified dif-
ferential current. 

 
3.2.1 Estimation of the Delta Winding Current 

 
Delta winding currents iab, ibc and ica can be decomposed 

into the two components, i.e. the non-circulating compo-
nent (ipa, ipb, and ipc) and the circulating component iΔ. 

 
Δ+= iii paab , Δ+= iii pbbc , Δ+= iii pcca       (12) 

 
In [3], ipa, ipb, and ipc were obtained from the line cur-

rents using 
 

3
ab

pa
iii −

= , 
3

bc
pb

iii −
= , 

3
ca

pc
iii −

=       (13) 

 
However, iΔ was not obtained. This paper estimate iΔ us-

ing the following procedure:  

- (1)−(3) are re-arranged to yield 
 

dt
diLiRve A

lAAA 11 −−=                (14) 

dt
diLiRve B

lBBB 11 −−=                (15) 

dt
diLiRve C

lCCC 11 −−=                (16) 

 
- Kirchhoff’s voltage law is then applied to the large loop 

of the delta winding of Fig. 1 and (12) is used to yield  
 

)3()3(
22 Δ

Δ +=++ iR
dt

idLeee lcabcab         (17) 

 
- Left hand side of (17) is obtained from eA, eB, and eC by 

taking into consideration the turns ratio, i.e: 
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Thus, iΔ is obtained by solving (17), with the differential 

term approximated using the backward Euler method. Fi-
nally iab, ibc and ica are estimated using (12). 

Once iab, ibc and ica are obtained, the modified differen-
tial current is estimated using the same technique as in [5]; 
for clarity, this is briefly described below. 

 
3.2.2 Prior to Saturation (sat_ind = 0) 

 
The modified differential current idA is calculated prior to 

saturation using 
 

cAabAdA iaiii −+=               (19) 
 

where, with reference to Fig. 1b, icA can be estimated if eA 
is derived using (14) and RcA is obtained experimentally. 
The “prior to saturation” modified differential current is 
then derived using (19), where 

 

cA

A
cA R

ei =                     (20) 

 
3.2.3 During Saturation (sat_ind = 1) 

 
The modified differential current idA remains very small 

until the core enters saturation, the magnetizing current 
then becomes significant and must be included in the equa-
tion used to calculate idA , i.e.: 

 
mAcAabAdA iiaiii −−+=           (21) 

 
In (21), icA is calculated using (20) and imA is estimated 

using the following procedure: 
If idA in (19) exceeds a threshold, the start of saturation is 
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detected and “sat_ind = 1”. At this instant idA is regarded as 
the magnetizing current; hence, the core flux can be ob-
tained by inserting idA into the magnetization curve (see Fig. 3).  

This flux value is considered to be λA0 and hence λA can 
be calculated using 

 

∫ +=
t

t
AAA dte

0
0λλ                (22) 

 
where λA0 is the core flux at t = t0. Therefore, imA is esti-
mated by inserting λA into the magnetization curve. The 
technique correctly estimates imA and is not affected by the 
level of remanent flux.  

 

 

Fig. 3. Estimation of λA0. 
 
 

4. Case Studies 
 
Fig. 4 shows a single line diagram of the simulated sys-

tem. A two-winding Y-Δ transformer (154kV/13kV, 55 
MVA) was modeled using EMTP at a sampling rate of 64 
samples/cycle (s/c). The techniques described in [6] were 
used to represent an internal winding fault. 

The hysteresis characteristic of the core was modeled in 
the EMTP subroutine HYSDAT using a type-96 element, 
with a saturation point of (40 A, 334 Vs). Butterworth 2nd 
order filters with a stop-band cut-off frequency of 1920 Hz 
were used as anti-aliasing filters. The threshold for detect-
ing the start of saturation was set at 80 A. 

The proposed relay and a conventional relay with har-
monic blocking were evaluated during various operating 
conditions, including magnetic inrush, internal faults and 
over-excitation. Results are presented for the A-phase element. 

 

LOAD
ZS

G
50 [km]

ZTL
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Y-Δ

 

Fig. 4. Single-line diagram of the model system. 
 

4.1 Magnetic Inrush 
 
The magnitude of the inrush current depends on the en-

ergization angle, the remanent flux in the core, and the load 
current. 

 

Case 1: Energization angle of 0 deg, 80 % remanent flux, 
no load 

 
Fig. 5 shows the results obtained when the conventional 

relay was tested using the data from case 1. The trans-
former was energized at 29.2 ms and because the energiza-
tion angle was zero deep saturation occurred. As shown in 
Fig. 5a, the conventional differential current idA consists of 
a sequence of pulses; the magnitude of the first pulse is 
2300 A and it contains a large 2nd harmonic component; 
note: the thick solid line, the thin solid line and the dotted 
lines represent the fundamental, 2nd and 5th component of 
the differential current, respectively. The differential relay 
‘87R’ enters its operating region at 32.3 ms, but was 
blocked by ‘87BL’, this was activated at 29.4 ms and re-
mains active. Hence, as expected, no trip signal was issued, 
because K2 had been set to block the relay for all magnetic 
inrush conditions. 

Fig. 6 shows how the proposed relay responded to case 1. 
Note: ipa, i∆ and iab in Fig. 6a are obtained from (13), (17) 
and (12) respectively and ipa is zero because no load cur-
rent flows in case 1. The relay detects the start of saturation 
at 31.5 ms and the initial flux corresponds to 342 Vs. Eq. 
(22) is used to calculate λA and imA is obtained by inserting 
λA into the magnetization curve. As shown in Fig. 6b, the 
resulting modified differential current idA is reduced to a 
small value (compare Fig. 6b and Fig. 5a). Thus, the pro-
posed relay does not enter the operating region whilst the 
conventional relay does (see Fig. 6c). This is because the 
proposed relay successfully compensates for the effect of 
the exciting current. 

 

 
(a) idA and its harmonic components 

 
(b) 87R, 87BL and trip signal 

Fig. 5. Results of the conventional relay with harmonic 
blocking (case 1). 
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(a) ipa, i∆ and iab 

 
(b) iA, icA, imA and idA 

 
(c) Conventional (left) and proposed (right) relays 

 
(d) Trip signal 

Fig. 6. Results of the proposed relay (case 1). 
 

4.2 Internal Winding Faults 
 
Various types of fault were applied to the A-phase of the 

primary winding and the resulting voltage and current sig-
nals used to test the conventional and the proposed relay. 

Case 2: Turn-to-ground A-phase fault, located 80 % from 
the neutral end and 0 deg inception angle 

 
Figs. 7 and 8 show the operating response of the conven-

tional and proposed relay when the fault occurs at 29.2 ms. 
The conventional relay ‘87R’ enters the operating region at 
32.0 ms but is blocked by the activation of ‘87BL’ at 29.7 
ms. At 54.2 ms ‘87BL’ resets and the relay correctly issues 
a trip signal. 

As with the previous cases, the proposed relay calculates 
iab, detects the start of saturation at 30.2 ms and evaluates 
an initial core flux of 346.0 Vs. However, soon after the 
start of saturation, imA decreases to a low value but in-
creases again at 42 ms (Fig. 8b). This large im is irrelevant 
because the core is unlikely to saturate on an internal fault. 
This is because on an internal fault, vA is significantly re-
duced whilst iA is significantly increased; hence, the third 
term at the right hand side of (1) is dominant compared 
with the first and second terms, i.e.: 

 

dt
d

dt
tdiL

dt
tdiLiRve AA

lA
A

lAAAAA
λ

=−≈−−=
)()(   (23) 

 

 
(a) idA and its harmonic components 

 
(b) 87R, 87BL and trip signal 

Fig. 7. Results of the conventional relay with harmonic 
blocking (case 2). 
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(a) ipa, i∆ and iab 

 
(b) iA, icA, imA and idA 

 
(c) Conventional (left) and proposed (right) relays 

 
(d) Trip signal 

Fig. 8. Results of the proposed relay (case 2). 

Thus, the direction of λA is opposite to the direction of iA, 
which is in phase with the conventional idA; consequently, 
the direction of imA is opposite to the direction of idA, as can 
be seen by comparing Figs. 7a and 8b. Therefore, the com-
pensated idA is not reduced by the subtraction of imA. The 
compensated relay issues a trip signal at 32.0 ms, which is 
the same operation as ‘87R’, i.e. 22.2 ms faster than the 
conventional relay. 

 
4.3 Over-excitation 

 
Case 3: Over-voltage of 150% applied, full load 

 
Figs. 9 and 10 show the results obtained when the trans-

former was over-excited by applying 150 % of the rated 
voltage at 29.2 ms (case 3). In the conventional relay, op-
eration of ‘87R’ at 38.8 ms, was blocked by activation of 
‘87BL’ at 31.5 ms, and hence no trip signal was issued. The 
result is as expected, since K5 was set to block the trip sig-
nal during over-excitation. The proposed relay calculates 
iab; detects the start of saturation at 36.2ms and determines 
an initial core flux of 350.2 Vs. The relay calculates imA and 
icA and uses them to derive idA. The value remains small 
and consequently the relay does not enter the operating 
region. 

 

 
(a) idA and its harmonic components 

 
(b) 87R, 87BL and trip signal 

Fig. 9. Results of the conventional relay with harmonic 
blocking (case 3). 
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(a) ipa, i∆ and iab 

 
(b) iA, icA, imA and idA 

 
(c) Conventional (left) and proposed (right) relays 

 
(d) Trip signal 

Fig. 10. Results of the proposed relay (case 3). 

× 9

× 9

Quantized
Input

V1, I1, I2 (a,b,c) 9 CH.s total

× 9
Digital Input

Analog Input

DSP-LINK3
Interface

S/W Jtag 
Emulation PCI Local Bus

(Sallen & Key Active Filter)
Spec: Stop-band cutoff freq. 1920Hz, Gain 0.1

(D/A Conversion)

Imola Quad. IP PCI Carrier Board
(IP341)

 9 CH. Simultaneous A/D Conversion
Spec: Resolution: 14bits, 16 CH.s

Daytona PCI Dual Board
CPU: 1GFLOPS, 167MHz

Code-Composer Studio (Debugging Tool)

PC

 

Fig. 11. Configuration of hardware implementation. 
 

 
(a) Values iA, iab, icA, imA, and idA for the proposed relay 

 
(b) Conventional (left) and proposed (right) relays 

Fig. 12. Hardware implementation results from case 1. 
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(a) Values iA, iab, icA, imA, and idA for the proposed relay 

 
(b) Conventional (left) and proposed (right) relays 

Fig. 13. Hardware implementation results from case 2. 
 
 

5. Hardware Implementation Test 
 
This section shows the results obtained when the com-

pensated algorithm was implemented on a hardware plat-
form based on a TMS320C6701 digital signal processor 
(see Fig. 11). The three voltages and six currents generated 
by EMTP are converted into analogue signals using a PCL-
727 D/A board. The signals are then passed through But-
terworth 2nd order filters (fc=1920 Hz) to the 14-bit A/D 
converters operating at a sampling rate of 64 s/c.  

Figs. 12 and 13 show the results obtained when the 
hardware implementation was evaluated using the voltage 
and current signals described in cases 1 and 2, respectively. 
The results are very similar to those shown in Figs. 5 and 6, 
and Figs. 7 and 8. As expected, the proposed relay remains 
stable in case 1 and the trip signal is activated in case 2. 

 
 

6. Conclusion 
 
This paper describes a compensated-current-differential 

relay for the Y-Δ transformer and a procedure for estimating 
the delta winding current. To cope with remanent flux, the 

modified differential current was determined both ‘prior to 
saturation’ and ‘during saturation’. For the former, the pro-
posed relay calculates the core-loss current and uses it to 
obtain the modified differential current. With the latter, the 
core flux is estimated and used as an initial value to calcu-
late the core flux and the magnetizing current. The relay 
obtains the modified differential current by subtracting the 
core-loss current and the magnetizing current from the 
measured differential current.  

The performance of the relay was investigated and com-
pared with a conventional relay that includes harmonic 
blocking. Both relays were evaluated under various operat-
ing conditions, including magnetic inrush, internal faults 
and over-excitation. The modified differential current re-
mains very small during magnetic inrush and over-
excitation and the operating time of the proposed relay is 
significantly faster than the conventional relay. To investi-
gate the feasibility of building a commercial relay, a proto-
type relay was constructed using a digital-signal-
processing-based hardware platform and tested using a 
relay test set. Results described in the paper, show that the 
relay can successfully discriminate between magnetic in-
rush and an internal fault. 

The relay is highly sensitive and operates correctly at all 
levels of remanent flux, it also remains stable during mag-
netic inrush and over-excitation. The relay does not require 
the inclusion of blocking techniques that often delay the 
operating time of conventional transformer differential 
relays. 
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