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1. ABSTRACT 

The paper presents a fact that it is now possible to 
design numerical differential protections with simi-
lar or better performances than the best available in 
previously known analogue differential relays. For 
transformer and busbar differential protection ap-
plications, it is extremely important to built-in good 
security since an unwanted operation might result 
in severe consequences for a complete power sys-
tem. On the other hand, the protection must be 
highly dependable as well. Failure to operate or 
even slow operation of the differential relay, in case 
of an actual internal fault, can have fatal conse-
quences. These two main requirements are contra-
dictory to each other. The characteristic of the con-
ventional instrument transformers during transient 
conditions is an important input for the design. The 
analogue relays have been successfully used for 
these types of applications for years. Can their nu-
merical counterparts offer the same performance?  
 
The report focuses on the numerical differential 
protection design, with reference to the transient 
performance of the protected elements together 
with the associated conventional instrument trans-
formers. 

2. INTRODUCTION 
For several decades, the power system protection 
relaying has experienced many important changes, 
from purely electromechanical type to the mixture 
of electronic and electromechanical type, then to 
fully static, and now fully numerical protectionss 
based on microprocessors.  In the transformer and 
busbar protection area, similar changes can be seen. 
With the fast development in the area of digital 
technology, the hardware and software used must  
provide economic solutions regarding the cost of 
functions and hardware elements for the dedicated 
diffe rential protection applications.  

2.1 Terminal Hardware Platform   

The basic idea in building the new protection sys-
tem platform is coming from two points:  
 

• The design of new hardware and software 
platforms must be possible to cover quite 
wide range of applications, and  

• It should be open for future upgrading as 
in presented in reference [5].  

 
According to these requirements, the Pentium fa m-
ily of microprocessors has been selected for the 
protection applications. The main advantages of the 
Pentium processor are due to its high floating per-
formance, low power consumption and low cost. 
For communication with high speed modules such 
as analogue input modules and high speed serial 
interface, the Pentium is equipped with a Compact-
PCI bus. For communication with low speed mo d-
ules such as binary input and output modules, a 
CAN bus interface is used. The remote HMI can be 
connected via different communication buses such 
as SPA and LON. The system is provided with con-
tinuous self-monitoring and diagnostics. 
 
In order to fulfill the application requirements for 
different types of flexible protection, control, and 
monitoring purposes, the following modules are 
available within the hardware platform: 
 

• Up to two analogue input modules (AIMs), 
each  of them including 10 analogue inputs 
with built -in analogue to digital converters 
(A/D-converter) 

• A number of binary input/output modules 
can be selected from the standard hard-
ware library. Among these modules, 24 
output relay contacts are available in one 
binary output module (BOM); 16 binary 
inputs are available in one binary input 
module (BIM), and 12 contact outputs and 
8 binary inputs are provided in one module 
known as binary input and output module 
(BIOM) 

• The mA -analogue input modules (MIM) 
used e.g. for tap position indication for on 
load tap changer control and for tempera-
ture reading via different measuring con-
verters are another alternative. 

• Power supply module (PSM) 
• Main CPU module with high performance 

Pentium processor  
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3. DIFFERENTIAL PROTECTIONS 
The basic concept of any differential protection is 
that the sum of all currents, which flow into the 
protection zone, must be equal to the sum of all 
currents, which flow out of the protection zone. If 
that is not the case, an internal fault has occurred. 
This is practically a direct use of Kirchoff’s first 
law, which is taught in the “Basics of Electricity” 
during the first year of electrical engineering stud-
ies. Unfortunately, practice is often different and 
more difficult than the theory in the books. 

3.1 Magnetic Core Current Transformers 

Protective devices in general do not measure di-
rectly the primary currents in the high voltage con-
ductors, but the secondary currents of conventional 
magnetic core current transformers, which are in-
stalled in all high-voltage bays. Because the current 
transformer is a non-linear measuring device, the 
secondary CT current can differ drastically from the 
original primary current under high current condi-
tions in the primary CT circuit. This is caused by 
CT saturation, a phenomenon that is well known to 
protection engineers, references [8-11]. It is espe-
cially relevant for bus differential protection appli-
cations, because it has the tendency to cause un-
wanted operation of the bus differential protection. 
Remanence in the magnetic core of a current trans-
former is an additional factor, which can influence 
the secondary CT current. It can improve or reduce 
the capability of the current transformer to properly 
transform the primary current to the secondary side. 
However the CT remanence is a random parameter 
and it is  not possible in practice to precisely deter-
mine it. 
Another, and maybe less known, transient phe-
nomenon appears in the CT secondary circuit at the 
instant when a high primary current is interrupted. 
It is particularly dominant if the HV circuit breaker 
interrupts the primary current before it’s natural 
zero crossing (current chopping). This phenomenon 
is manifested as an exponentially decaying dc cur-
rent component in the CT secondary circuit. This 
secondary dc current has no corresponding primary 
current in the power system. The phenomenon can 
be simply explained as a discharge of the magnetic 
energy stored in the magnetic core of the current 
transformer during the high primary current condi-
tion. Depending on the type and design of the cur-
rent transformer this discharging current can have a 
time constant in the order of a hundred millisec-
onds. Therefore, it has to be considered during the 
design stage of a differential protection in order to 
prevent its unwanted operation at the instant when a 
heavy external fault is cleared by the faulty line’s 
circuit breaker. 

3.2 Analogue differential protection 

One of the most common types of analogue differ-
ential relay design is the high impedance differen-
tial protection. This design solves all practical prob-
lems caused by the CT non-linear characteristics by 
using the galvanic connection between the secon-
dary circuits of all CTs connected to the protected 
zone. The scheme is designed in such a way that the 
current distribution through the differential branch 
during all transient conditions caused by non-
linearity of the CTs will not cause the unwanted 
operation of the differential protection. This is 
achieved by connecting a high-impedance (usually 
resistance) in series with the operating element of 
the differential relay. This impedance will then 
limit the level of false differential current through 
the differential branch. To obtain the optimum relay 
performance, the resistive burden in the individual 
CT secondary circuits must be kept low and should 
have a similar value in all bays. Therefore no other 
device can be connected to the same CT core. At 
the same time, due to the lack of any other restraint 
quantity, it is strongly required that all current 
transformers within one differential zone have to 
have the same ratio and the same magnetizing char-
acteristic. All these requirements impose additional 
expense to the power utility in order to purchase 
specially made CTs dedicated only to the differen-
tial protection. 
However if all of the above conditions are met, this 
scheme is  quite reliable and very sensitive. Usual 
operating times for internal faults are around one 
power system cycle. 
The percentage restrained differential protection 
scheme, based on a special analogue circuit, de-
pends as well on the galvanic connection between 
the secondary circuits of all CTs, connected to the 
protected zone, to remain stable for all transient 
conditions caused by the non-linearity of the main 
CTs. The galvanic connection is made via a special 
diode circuit arrangement as shown in Figure 1. 
This diode circuit creates the rectified incoming 
current IT3 and the rectified outgoing current IL. The 
difference between these two currents is the differ-
ential current Id1. By this approach, a very simple 
but effective design of the relay is obtained. All 
relay decisions are based only on these three quanti-
ties, and the operation of the relay does not depend 
on the number of connected HV bays to the protec-
tion zone. 
Stability of this protection is guaranteed, regardless 
of the primary fault current level and CT saturation, 
if the total CT secondary circuit loop resistance, 
transferred across its intermediate current trans-
former to the relay side, is less than or equal to the 
resistance Rd11 in the differential relay branch (for 
operating slope of 0.5). Due to this special design 
feature, the relay allows much bigger resistance to 
be included in the secondary circuits of the individ-
ual main current transformers than in the original 
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high impedance scheme. It can accommodate dif-
ferent CT ratios by use of intermediate current 
transformers. The CT requirements are very moder-
ate and the relay can tolerate other relays on the 
same CT core. At the same time, by the use of high-
speed reed relay (dR on Figure 1), this  differential 

protection scheme reliably detects internal faults 
within 1 to 3 milliseconds and issues the trip signal 
to the high voltage circuit breakers within 9 to 13 
milliseconds from the occurrence of the internal 
fault. 
 

 

 
Figure 1: Principal schematic of the analogue percentage restrained differential protection

 
Although successful in practice, both of the above 
mentioned analogue differential relays have some 
shortcomings, such as the need for intermediate 
CTs to match the different CT ratios, the lack of 
self-supervision, secondary CT switching for dou-
ble or multiple busbar arrangements and relatively 
complicated scheme engineering.  
Their application is limited to protection of power 
system elements, which have galvanically con-
nected all input and output terminals, like: 
 

• Stator windings of power generators and 
big motors 

• Galvanically connected terminals of power 
transformers (autotransformers) 

• Shunt and serial reactors 
• Capacitors, etc. 

 
They cannot be applied for transformer protection 
in cases where their protection area is extended 
over galvanically separated windings.  

3.3 Numerical differential busbar protection 

The first generation of digital (not numerical) dif-
ferential protection was developed in order to cover 
for the known shortcomings and to fulfill the addi-
tional requirements. However, these new devices 
could not match the performance of the analogue 

relays regarding the speed of operation. The de-
mands on the main current transformers were as 
well much higher than in the case of the analogue 
percentage restrained differential relay. Therefore, 
the analogue busbar differential protection schemes 
continued to be used worldwide. 
Digital static and microprocessor-based devices 
require special preventive actions against the influ-
ence of non-linear current transformers for each 
current input separately. This made the hardware of 
static relays very expensive and causes the algo-
rithms in digital terminals to be complex and de-
manding on computer capacity.  
ABB has decided for this reason to re-use the im-
portant quantities from the analog percentage re-
strained differential protection (see Figure 1), like 
incoming, outgoing and differential currents, in the 
new numerical design. These three quantities can be 
easily calculated numerically from the raw sample 
values from all analog CT inputs connected to the 
differential zone. At the same time, they have ex-
tremely valuable physical meaning, which clearly 
describes the condition of the protected zone during 
all operating conditions. 
Much better operating characteristics and perform-
ances of numerical differential protections are fea-
sible compared to conventional designs due to the 
possibility to: 



 Page 4 

• Memorize all characteristic quantities cal-
culated in the past 

• Perform practically unlimited number of 
logical operations on the above mentioned 
quantities 

• Process the same quantity on a number of 
different ways 

In new numerical protection devices, all CT and VT 
inputs are galvanicaly separated from each other. 
All analogue input quantities are sampled with a 
constant sampling rate and these discreet values are 
then transferred to corresponding numerical values 
(i.e. AD conversion). After these conversions, only 
the numbers are used in the protection algorithms. 
It is for this reason impossible to directly re-use and 
copy the operating principles from the analogue 
protection schemes, because there is not any gal-
vanic connection between the CTs and VTs. 

3.4 Numerical differential transformer protection 

The most important protection function in modern 
transformer protection, control, and monitoring 
terminals is the differential protection function. 
Two trip criteria are used. The first trip criterion is 
based on unrestrained differential trip algorithm for 
heavy internal faults, which will produce a very 
high differential current so that it is not necessary to 
check if it is inrush conditions.  The second trip 
criterion is the through fault current restrained dif-
ferential algorithm which also includes the wave-
form blocking criterion in combination with criteria 
of second harmonic restrain for inrush and the fifth 
harmonic restrain for over-excitation. The function 
is designed to consider stabilization from up to five 
groups of three-phase current inputs, which covers 
most of applications for the transformer differential 
protection. The vector group and amplitude com-
pensation and the zero sequence current deduction 
are made internally by software according to the 
connection group and rated data information for a 
protected power transformer. 

4. ADAPTIVE FEATURES OF NU-
MERICAL DIFFERENTIAL ALGO-
RITHMS  

The adaptive relaying has been formally defined in 
CIGRE working group report, reference [12] as 
follows: "Adaptive protection is a protection phi-
losophy which permits and seeks to make adjust-
ments in various protection functions automatically 
in order to make them more attuned to prevailing 
power system conditions."  In the differential pro-
tection terminals the following adaptive functions 
are provided. 

4.1 Through Fault Current Stabilization for T 
Configurations  

The application of transformer differential protec-
tion function in one and half breaker scheme or 

double breaker scheme is known as T configuration 
application. The differential protection function will 
meet stability problem for an ext ernal fault F1 in 
Figure 2, if two groups of current inputs (CT1 and 
CT2) are simply summed externally and connected 
into the differential protection as one group of cur-
rents.  

Figure 2: Power Transformer with T configuration 
on HV side 
 
On the other hand, there is a risk that the sensitivity 
of the differential protection will considerably be 
reduced for an internal fault F2, if all current inputs 
are connected separately in a traditional way as 
restrain signals.  
The modern transformer differential protection 
function has an adaptive feature that considers both 
stability and sensitivity by investigating the original 
current inputs so that a reasonable restrained current 
is calculated adaptively for each individual fault. 
Finally, a special adaptive feature in this algorithm 
is that the sensitivity will be automatically reduced 
in case when heavy external faults are detected. 

4.2 On-Load-Tap-Changer Compensation for 
Transformer Differential Protection 

The transformer differential protection function has 
a spill current due to the on load tap changer influ-
ence. Normally, the control range of an on load tap 
changer might be around ±15% of rated voltage so 
that the contribution of spill current can often be 
around 15%. In order to keep the security and avoid 
unwanted operations of the conventional differen-
tial protection, it is common to set the minimum 
sensitivity level above 30% of rated current. The 
sensitivity of the differential protection will be poor 
and in mo st cases it is not possible to detect inter-
turn faults in transformer windings.  
In the new differential protection function, the tap 
changer position is monitored continuously and 
used in the algorithm so that the transformer turns 
ratio can be calculated. Because of the adaptive 
calculation of the differential current, it is possible 

CT1 CT2

CT3

F1

F2

Power
Trans-
former



 Page 5 

to considerably increase the sensitivity and the pos-
sibility to detect inter-turn faults in the transformer. 
To prevent an unwanted operation if the reading of 
the tap changer position is lost during normal op-
eration, the differential protection function will 
change its sensitivity and will not issue any trip 
signal when the calculated differential current is 
less than 30% of rated current. 

4.3 Inrush Blocking for Transformer Differential 
Protection 

Usually the inrush current stabilization has been 
based on the second harmonic blocking method. In 
most countries this is a generally accepted method 
with good operational experiences. However, there 
is a risk of delayed operations, in case of heavy 
internal faults, due to the presence of a second har-
monic secondary current caused by saturation of the 
current transformer. With a combination of a condi-
tionally second harmonic restraint method and a 
permanent waveform monitoring restraint method, 
it is now possible to gain a protection with both, 
high security and stability against inrush effects and 
at the same time maintain high performance in case 
of heavy internal faults.  
The second harmonic blocking criterion will be 
enabled both when the transformer is not energized 
and during the first period after the power trans-
former is energized. The second harmonic blocking 
criterion will also be automatically enabled for 
some seconds once a heavy external fault is de-
tected. This will further reduce the risk of an un-
wanted operation due to recovery inrush current, 
when the heavy external fault is cleared. The wave-
form-blocking criterion is always activated to detect 
initial inrush, sympathetic inrush, and recovery in-
rush. 

4.4 Adaptive Differential Current Calculation for 
Bus Differential Protection 

Differential protections do not measure directly the 
primary currents in the high voltage conductors, but 
the secondary currents of magnetic core current 
transformers, which are installed in all high-voltage 
bays. Because the current transformer is a non-
linear measuring device, under high current condi-
tions in the primary CT circuit the secondary CT 
current can be drastically different from the original 
primary current. This is caused by CT saturation, a 
phenomenon that is well known to protection engi-
neers. This phenomenon is especially relevant for 
bus differential protection applications, because it 
has the tendency to cause unwanted operation of the 
differential protection. 
Another difficulty is the large number of main CTs, 
which can be connected to the bus differential relay. 
If the CT saturation has to be checked and preven-
tive measures taken for every HV CT connected to 
the protection zone on one-by-one basis, the differ-
ential protection algorithm would be slow and quite 

complex. Therefore in RED 521 design only the 
properties of incoming, outgoing and differential 
currents are used in order to cope with CT satura-
tion of any main CT connected to RED 521. 
This CT saturation compensation logic effectively 
suppresses the false differential current by looking 
into properties of the incoming, outgoing and dif-
ferential currents. Output of the logic is a modified 
RMS value of the differential current which has 
quite small value during external faults followed by 
CT saturation or full differential current (Id) value 
in case of an internal fault. This logic incorporates a 
memory feature as well in order to cope with full 
CT remanence in the faulty overhead line bay in 
case of a high-speed automatic reclosing onto a 
permanent fault. By this approach a new, patent 
pending differential algorithm has been formed 
which is completely stable for all external faults 
and operates very fast in case of all internal faults. 
All problems caused by the non-linearity of the CTs 
are solved in an innovative numerical way on the 
basic principles described above. 

4.5 Open CT Detection for Bus Differential Pro-
tection 

Quite a number of main CTs can be connected to 
one bus differential protection. When a CT circuit is 
open circuited by a mistake the differential current 
increases and the protection might maloperate and 
disconnect all circuits connected to the protected 
bus. This might have serious consequences for the 
power utility. Due to this reason a special algorithm 
is implemented inside the bus differential protection 
in order to prevent the maloperation in case of an 
open CT circuit condition. 
The open CT detection logic will instantly detect 
the moment when a healthy CT secondary circuit 
carrying the load current is accidentally opened (i.e. 
current interrupted to the differential protection). 
The logic is based on the perception that the total 
through-load current is the same before and after 
that CT is open circuited, but the differential current 
suddenly appears. In order to prevent false opera-
tion of this logic in case of a fault or disturbance in 
the power system, the total through-load current 
must not experience big changes for three seconds 
before the open CT condition is detected. When 
open CT condition is declared, the trip output of the 
affected phase is blocked and alarm is given to the 
operator. 

5. TESTING OF NEW DIFFEREN-
TIAL PROTECTIONS 

Newly developed protection functions must be 
tested extremely intensive under different known 
system conditions, which can influence their de-
pendability as well as their security. Different 
methods are available for testing, but dynamic 
modeling on different types of models, which cor-
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respond the best to real system conditions, are a 
must.  
Different utilities worldwide have also their own 
bad operational experiences with older types of 
protection devices, which are often transferred to 
corresponding tests, and specified as obligatory for 
testing the new protection devices, before they can 
be applied in their power system.  
Results of two dynamic test simulations are pre-
sented in paper. The first one was executed on a 
model of big EHV power transformer at ECEPA in 
PR China. The second one is a repetition of tests, 
which have been performed on analogue busbar 

differential protection type RADSS for more than 
25 years ago.   

5.1 System set-up for testing of transformer dif-
ferential protection and the test results 

ECEPA’s analogue power system simulator was 
used to perform all tests. The simulator can incor-
porate the analogue models of lines, transformers, 
generators etc. For the autotransformer protection 
testing, the simulated test system was therefore set-
up in accordance with single-phase transformer 
units. The tested power system with the tested in-
ternal and external fault positions is shown in 
Figure 3. 

 

 
Figure 3: Test system set-up for testing the transformer differential protection on a model of big power transformer

5.1.1 Autotransformer Model  

The common and serial windings of the autotrans-
former model consist of more than twenty coils 
with independently connectable taps in order to 
facilitate autotransformer connection with different 
turns ratio, faults close to the neutral, turn-to-turn 
faults involving any number of short-circuited turns 
etc. The LV winding has the similar construction. 
By changing the relative position of the coils and 
the size of the air-gap of the iron core, the leakage 
impedance and magnetizing impedance of the auto-
transformer model can be adjusted. The three sin-
gle-phase transformers were connected in such a 
way to form a three-phase autotransformer with 
Yy0d11 vector group connection. The equivalent 
data for three-phase autotransformer model are 
1082/1082/541MVA, 500/250/115kV. 

5.1.2 Protection System Connections and Set-
tings 

Overall three winding biased differential protection 
function (ANSI device No 87T) with additional 
unrestrained operating level (ANSI device No 87H) 
and low impedance restricted earth-fault protection 
function (ANSI device No 87N) were activated 
within protection terminal RET 521  during all 
tests. All ten currents connected to the protection 
system were recorded during all tests, as shown in 
Figure 3. 
The differential protection function (87T & 87H) 
has measured the three-phase currents from all three 
sides of the protected autotransformer. Ho wever it 
shall be noted that currents from the LV side were 
located inside of the delta winding. Therefore 
measured currents on all sides were in phase. Due 
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to that fact, autotransformer vector group was set as 
Yy0y0 in the protection system. Automatic deduc-
tions of the zero-sequence currents for the differen-
tial function were enabled on all three sides within 
the protection system. This was done in order to 
prevent the unwanted operation of the transformer 
differential function during external single-phase to 
ground faults on 500kV or 250kV side. The cross 
blocking between the phases was always disabled. 
Therefore during any inrush conditions each phase 
individually had to restrain and prevent unwanted 
operation only on the measurement available from 
that phase. The minimum pick-up current for the 
transformer differential function was set to 30% on 
the protected autotransformer base of 1082MVA. 
The differential function overall operating charac-
teristic is given in Figure 4. 
 

  

Figure 4: Restrained (87T) & unrestrained (87H) operat-
ing characteristics 

 
Figure 5: Restricted Earth-fault (87N) operating charac-
teristic 

The restricted earth-fault function (87N) measured 
two sets of three-phase currents from 500kV and 
250kV sides and one single-phase current from the 
autotransformer common neutral point. The mini-
mum pick-up current for the restricted earth-fault 
function was set to 30% on the base of rated current 

for the 250kV winding. Its overall operating charac-
teristic is given in Figure 5. 

5.1.3 Internal faults followed by CT satura-
tion 

Traditionally the second harmonic blocking is used 
in order to restrain the transformer differential re-
lays during inrush condition. However it is known 
that the second harmonic blocking can prevent or 
delay the operation of the differential relay for in-
ternal faults followed by CT saturation.  
The behavior of the protection system during such 
operating conditions was tested (see Figure 6). First 
the protection system was set-up in the traditional 
way. The second harmonic blocking was always 
active, and the set level for this restrain criterion 
was 15%. 
 

 
Figure 6: Late 87T trip due to traditional use of 2nd har-
monic blocking criteria 

 
 

Figure 7: Fast 87T trip 

After this test, the unique feature of the protection 
system, to adaptively use the second harmonic 
blocking was enabled. No any other setting parame-
ter was changed. In this case the operation of the 
differential function for internal faults was not ef-
fected at all by presence of second harmonic due to 
distorted CT secondary current, as shown in Figure 
7.  
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These tests show that modern numerical protection 
system can adaptively use the second harmonic 
blocking criteria. The protection system can utilize 
it as restrain quantity during inrush conditions, but 
disregard its delaying influence during internal 
faults. This feature ensures much quicker operation 
of the differential function within numerical protec-
tion for internal faults followed by CT saturation.  

5.1.4 Internal turn-to-turn faults 

The turn-to-turn fault is a unique type of fault ap-
pearing only in electrical machines (i.e. transform-
ers, generators and motors). The main problem with 
this type of fault is that the terminal currents are 
almost not affected at all, but the currents in the 
short-circuited turns can be many times higher than 
the rated winding. 

Table 1: Summary for Turn-to-turn Faults 

Fault  
Position 

Percentage of  
Short-Circuited 

turns 

Differential 
current 

Common  
Winding 

1% 0.12 pu 

Common  
Winding 

2% 0.62 pu 

Serial 
Winding 

1% 0.11 pu 

Serial 
Winding 

2% 0.55 pu 

LV  
Winding 

6% 1.42 pu 

 
The differential protection function is the only elec-
trical protection, which can detect this type of fault. 
Turn-to-turn faults were simulated in serial, com-

mon and LV autotransformer windings. The influ-
ence of the different fault locations within the wind-
ing was checked. The following Table 1 summa-
rizes the test results for the several test cases. 
During these tests, the differential protection func-
tion detected and tripped all turn-to-turn faults, 
which had two or more percents of short-circuited 
turns.  

5.1.5 Internal winding-to-earth faults 

The internal winding-to-earth fault is a unique type 
of fault appearing only in electrical machines.  The 
fault voltage varies in proportion to the fault  loca-
tion within the winding. It has the full phase-to-
earth voltage value for faults close to the winding 
bushing and is equal almost to zero volts for fault 
close to the autotransformer neutral point. The most 
difficult faults to detect are the faults close to the 
neutral point. For these faults the terminal currents 
are almost not affected at all, but the current in the 
autotransformer neutral has very high value irre-
spective of the fault location in the winding. This is 
practically the major difference in comparison with 
the turn-to-turn faults.  
The restricted-earth-fault protection function and 
the differential protection function are the main 
electrical type protections for this type of faults. 
However due to the fact that the neutral current is 
always high for this type of faults, restricted-earth-
fault protection function has shown distinct advan-
tages for fast disconnection of autotransformer for 
this type of internal fault. Winding-to-earth faults 
were simulated in serial and common autotrans-
former windings. The following Table 2 summa-
rizes the test results for several test cases. 

Table 2: Summary for Winding-to-earth Faults 

 

Fault Posi-
tion 

Percent of 
involved 

turns 

Fault 
Resistance 

Neutral 
Current 

Common 
Winding 

1% from 
neutral 

0 Ohms  8.4 kA 

Common 
Winding 

2% from 
neutral 

0 Ohms  10.0 kA 

Common 
Winding 

2% from 
neutral 

6.5 Ohms  0.75 kA 

Common 
Winding 

4.3% from 
neutral 

6.5 Ohms  1.6 kA 

250kV 
Bushing 

50% from 
neutral 

0 Ohms  13.2 kA 

500kV 
Bushing 

100% from 
neutral 

0 Ohms  9.9 kA 

500kV 
Bushing 

100% from 
neutral 

60 Ohms  3.0 kA 

500kV 
Bushing 

100% from 
neutral 

100 Ohms  1.9 kA 
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The restricted earth fault function successfully de-
tected and tripped all winding-to-earth faults re-
gardless of the percentage of involved turns and 
fault resistance.  

5.1.6 Energizing of faulty autotransformer 

After a couple of incidences in China with energiz-
ing of faulty transformer, followed by failure of the 
protection system to operate for these conditions, 
the local utilities have set-up very strict require-
ments on new transformer protection system for 
this type of operating conditions. Therefore, all 
types of internal faults including turn-to-turn and 
winding to earth faults must be tested during dy-
namic simulations. The numerical protection sys-
tem successfully detected and cleared all of these 
faults. 
 

 
Figure 8: Energizing of faulty autotransformer with inter-
nal Phase L3-to-earth fault 

 

 

Figure 9: Energizing of faulty autotransformer with 
internal 2% winding-to-earth fault 

For simplicity, the results of only two test cases are 
presented in this paper. Both test cases represent 
switching-on the autotransformer from the 500kV 
side. However, in both cases the transformer had 
internal earth fault, which was quickly detected and 
tripped by the numerical protection system. For 

these two test cases direct pictures from the distur-
bance evaluation tool are shown in Figure 8and 
Figure 9. 

5.1.7 Practical case 

Finally the proper operation of the differential pro-
tection function in substation Tumbri, Croatia will 
be presented. Internal fault was located on the 
31.5kV bushings of the three-winding autotrans-
former with the follo wing nominal data: 
400/115/31,5kV; 300/300/100MVA; vector group 
Yy0d5. 
 

 
Figure 10: Disturbance recording from Tumbri substation 

The fault current was limited by transformer self 
impedance, but as it can be seen from Figure 10 the 
differential function has operated in only 30ms 
from the moment of fault inception.   

5.2 Heavy current testing of a busbar differential 
protection  

When a new protection is designed, it is extremely 
important to properly test it in order to verify the 
performance and check its limits. The performance 
of the analogue percentage restrained differential 
protection was checked in the heavy current labora-
tory about twenty-five years ago, with outstanding 
results, reference [1 & 2]. Similar tests were per-
formed on the new numerical differential protec-
tion.  

5.2.1 Stability tests for numerical differential 
protections 

When the design and the implementation of the new 
numerical differential protection were finished, the 
following heavy current testing facility was set-up 
to test its performances: 
 
• Short circuit current generator with the capabil-

ity of producing currents of 26kA or 50kA 
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RMS, and all other necessary heavy current 
equipment 

• Calibrated resistive shunt for measurement of 
the primary current 

• Digital recorder with the sampling interval of 
nine microseconds with ten input channels  

• Four identical dual ratio CTs with the data as 
specified in Table 3. 

 

Table 3: Data for dual ratio CTs used during testing 

 
Ratio Class Rating 

[VA] 
Secondary 
Resistance 

[Ohms] 

Knee-
point 

Voltage 
[V] 

200/1 5P20 10 1.7 280 
400/1 5P20 20 3.4 580 

 
These four current transformers are designated 
(Figure 11) as TA, TB, TC and TX. The three cur-
rent transformers TA, TB and TC were used with 
the ratio 400/1 in all tests. However for current 
transformer TX the ratio 200/1 was used. It was as 
well possible to add additional resistance RX in the 
secondary circuit of the TX current transformer in 
order to obtain the very heavy CT saturation. 

In addition, a 200 mA dc current source was avail-
able to pre-magnetize the TX current transformer in 
order to obtain the maximum possible remanence in 
the magnetic core for some tests. 
The following quantities were recorded during all 
tests: 
 
• Itot – total primary current of the short circuit 

generator 
• IA – current on the secondary side of the TA 

current transformer 
• IB – current on the secondary side of the TB 

current transformer 
• IX – current on the secondary side of the TX 

current transformer 
• Trip – status of the binary trip output contact 

from the numerical differential protection 
 
However, it should be noted that all currents re-
corded on the secondary side of the current trans-
formers (IA, IB and IX) are scaled, in all of the 
following figures, with the relevant CT ratio in or-
der to be compared with the primary current Itot. 
As can be seen from the Figure 11, the test circuit 
was arranged in such a way that it was possible to 
test external faults with or without the preload. 
During all the tests a primary current level of 26kA 
RMS was used.  

 

G

IX

IA

IB

Trip
Shunt RXTX

TATBTC
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L R
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CB2
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Figure 11: Simplified test circuit for external fault testing of the numerical differential protection 

If the circuit breaker CB2 was closed before the 
main circuit breaker CB1, then the preload of 200A 
was established. On closing of the main circuit 
breaker CB1 the external fault condition was ap-
plied to the numerical differential protection. It was 
as well possible to control the closing instant of the 
main circuit breaker in order to control the dc offset 
of the primary current. 

The total incoming current to the differential zone 
was supplied to the numerical protection via three 
parallel-connected current transformers (TA, TB 
and TC). However, the total outgoing current from 
the differential zone was supplied to the numerical 
protection via only the weak current transformer 
TX. Therefore, during the external fault, the meas-
ured current IX on the secondary side of the current 
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transformer TX had to balance the differential pro-
tection and prevent any unwanted operation. 
For simplicity only two external fault test cases are 
presented in this paper. In test case No 20 (Figure 
12), the current transformer TX was pre-magnetized 
with the dc current in order to get maximum possi-
ble remanence. Resistance RX had a value of 30 
ohms and the fault was applied without any pre-
load. The switching angle was chosen to get the 
maximum possible dc offset of the fault current. 
The first peak value of the primary current was 
65kA. Current transformer TX saturated within 
2 ms, but the numerical differential protection re-
mained fully stable as can be seen from Figure 12. 
 

 
Figure 12: Test case No 20 - External Fault  

 

 
Figure 13: Test case No 75 - External Fault  

In test case No 75 (Figure 13), the current trans-
former was not pre-magnetized, and the secondary 

resistance RX had a value of 48 Ohms. The fault 
was applied after a preload current of 200A. The 
switching angle was chosen to get the maximum 
possible dc offset of the fault current. The first peak 
value of the primary current was 65kA. Current 
transformer TX saturated within 1.8 ms, but the 
numerical protection remained fully stable as can be 
seen from Figure 13. 
In all other external fault test cases the numerical 
differential protection remained fully stable as long 
as the time to saturation of the weakest current 
transformer was above 1.2 ms. These tests showed 
also that the protection is properly designed with 
respect to transients in the CT secondary circuits 
caused by clearing of high primary fault current. 
Such CT transients, captured during these tests in 
the secondary circuits of the TA and TB current 
transformers, are represented in Figure 14. 

 
Figure 14: CT transients when external fault is cleared 

5.2.2 Dependability tests for the numerical 
differential protection 

During testing of the internal faults supplied with 
strong input CTs, the test circuit was arranged as 
shown in Figure 15. During these tests, primary 
current levels of 26kA RMS and 50kA RMS were 
used. 
As it can be seen from Figure 15, the test circuit 
was arranged in such a way that it was only possi-
ble to test the internal faults without any preload. 
After closing of the main circuit breaker CB1 the 
internal fault condition is applied to the numerical 
differential protection. It was as well possible to 
control the closing instant of the main circuit 
breaker in order to control the fault inception angle. 
The protection was tested for the complete possible 
span of fault inception angles, from 0 to 360 de-
grees, in steps of 10 degrees. 
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Figure 15: Test circuit for internal fault testing of the numerical differential protection with strong CTs

 
The total incoming current to the differential zone 
was supplied to the numerical protection terminal 
via three parallel-connected current transformers 
(TA, TB and TC). The main purpose of these tests 
was to check the speed of operation of the protec-
tion for internal faults. For some of these test cases 
the primary current level was increased to 50kA 
RMS in order to check the capability of the protec-
tion to operate properly for extremely big secondary 
CT currents, which flow through the protection. For 
simplicity only two test cases with the 50kA fault 
level are presented in this paper. 
In test case No 43 (Figure 16), the internal fault was 
applied without any preload. The fault inception 
angle was chosen in to give completely symmetri-
cal fault current without any dc offset. The first 
peak value of the total primary current was 70kA. 
The numerical differential protection correctly op-
erated in 12ms, as can be seen from Figure 16. 

 
Figure 16: Test case No 43 - Internal Fault  

 

In test case No 45 (Figure 17) the internal fault was 
applied as well without any preload. The fault in-
ception angle was chosen to get the maximum pos-
sible dc offset of the fault current. The first peak 
value of the total primary current was 125kA. Cur-
rent transformer TA saturated within 4 ms, but the 
numerical differential protection correctly operated 
in <12 ms, as can be seen from Figure 17. 

 
Figure 17: Test case No 45 - Internal Fault  

 
It is as well extremely important to test the opera-
tion of the bus differential protection for internal 
faults with heavy incoming CT saturation. There-
fore, the test circuit was re-arranged as shown in 
Figure 18, and the fault current was supplied to the 
protection via only one weak current transformer. 
During these tests a primary current level of 26kA 
RMS was used. 
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Figure 18: Test circuit for internal fault testing of the numerical differential protection with one weak input CT  

For simplicity only one of these test cases is pre-
sented here. In test case No 66 (Figure 19), the cur-
rent transformer TX was pre-magnetized with the 
dc current in order to get maximum possible rema-
nence. Resistance RX had a value of 30 Ohms. 

 
Figure 19: Test case No 66 - Internal Fault  

 
The internal fault was then applied without any 
preload. The fault inception angle was chosen to get 
the maximum possible dc offset of the fault current. 
The first peak value of the primary current was 
65kA. Current transformer TX saturated within 1,2 
ms, but the numerical differential protection cor-
rectly operated in less than 12 ms, as can be seen 
from Figure 19. 
For all other internal fault test cases the numerical 
differential protection operated as expected with the 
trip time span from 12 to 16 ms. 

6. CONCLUSION 
The tests and practical fault cases have verified that 
the modern numerical differential protections can 
fulfill very demanding requirements set by power 
utilities. Modern numerical bus and transformer 
differential protection terminals showed the follow-
ing capabilities: 
 

• To remain stable for all external faults re-
gardless the heavy CT saturation 

• To detect and trip with high speed all in-
ternal phase-to-ground & phase-to-phase 
faults 

• To detect and trip all transformer turn-to 
turn faults with two or more percent of 
short circuited turns 

• To detect and trip all transformer winding-
to-earth faults, even the one located only 
one percent away from the neutral point 

• To detect and trip all evolving internal 
faults 

• To detect and trip all types of internal 
faults during switching of the faulty power 
transformer 

• To remain stable for all magnetic in rushes  
 
This means that the new numerical differential pro-
tections can practically match the performances of 
the previous analogue generation of transformer 
and busbar differential protection devices. They 
have high speed of operation and very low require-
ments on the main current transformers. At the 
same time they offer all the other benefits of the 
numerical technology such as communication, self-
supervision, no need for auxiliary CTs to match the 
different CT ratios, software CT switching for dou-
ble or multiple busbar arrangements, easy scheme 
engineering etc. 
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