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INTRODUCTION 

Superimposed techniques also called Delta or Incremental techniques have been used for more than 
30 years in protective relays. Directionality for distance relays has been implemented in different ways 
and has/is widely used. Directional Comparison relays were popular in the 80s and 90s and sometimes 
they were called “Directional Wave relays” meaning the relays detect the origin direction of travelling 
waves. Some of those relays use to quote operating time as little as 2-5 ms.  As well as directionality, 
phase selection based on superimposed quantities has been used for similar amount of time. The 
principle has the advantage of calculate very fast fault direction and phase selection as well as an 
increased sensitivity due to the removal of prefault conditions. 

By measuring the step changes in currents, it is possible to detect power swings without the need to 
measure rate of change of impedance, which can be restrictive according to the selected impedance 
characteristic. Using superimposed principle also allows performing source impedance calculations 
which subsequently provides an estimate of fault level which has been used near HVDC links which 
impose temporally high fault level capability.  

The paper will cover the use of superimposed (delta) principle in protections such as distance and delta 
directional comparison. It will describe the use of the delta technique in fault direction, phase selection, 
power swing detection and its application in short circuit calculation for AC/DC links. 

PRINCIPLE OF SUPERIMPOSED ( DELTA ) TECHNIQUE 

Subtracting a value of the signal, before a change (due to a disturbance or fault) from its corresponding 
value after the change will produce a signal that represents the change. In the case of a change 
occurring in a periodic signal such as a sinusoid, the corresponding value before the change is the 
value measured exactly one or more cycles earlier. Figure 1 shows an example of a change in a 
sinusoidal wave and the effect of subtracting values separated in time by one cycle. A Change signal 
produced in this way are known as superimposed component. When a fault occurs on a power system, 
changes occur in the current and voltage signals which produce superimposed components as shown 
in Figure 2. Before the fault, when no changes occur, these superimposed components are zero. 

 

 

 

 



Figure 1 Superimposed component 

 

 

Figure 2 Superimposed voltage and current 

 

DIRECTIONAL DETERMINATION PRINCIPLE 

 

The forward and reverse fault direction determination can well be explained by an example. Consider 
a protected line section AB, a fault occurs external to the protected circuit, both forward and reverse 
directional measurements are demonstrated using the same fault. The difference between unfaulted 
and faulted circuit is an equivalent circuit in which all signals are superimposed components. This shows 
that the superimposed components of current and voltages can be considered to be produced by an 
equivalent source of superimposed voltage at the fault point. The fault is represented by closing of the 
switch S which connects the superimposed voltage source ∆E, whose magnitude is the change in 
voltage at the fault point.  This causes a superimposed current ∆I to flow in the superimposed circuit.. 
In Figure 3 the superimposed components flowing for an external fault is shown.  

 

Consideration of this equivalent circuit for the relay at ‘A’ shows that the superimposed signals ∆Vr and 
∆Ir are related by the equation, 
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Where, Z is the impedance (Zsa) of the source behind the relay location. 

 

Similarly for the relay at ‘B’ this relationship is, 

 

     Z

V
I r
r




 Equation 2 

 



 

Figure 3 Superimposed components External fault 

 

 

Where, Z is the impedance (Zsa +Zl) of the source plus the line in front of the relay location. It should 
be noted that the positive direction of current for the relay at ‘A’ is towards ‘B’ and the positive direction 
of current for the relay at ‘B’ is towards ‘A’. 

 

This means that, for forward faults (location A), the quantities ∆Ir and ∆Vr / Z are of opposite polarity 
and for reverse faults (location B) quantities ∆Ir and ∆Vr / Z are of same polarity. Compensation for the 
phase angle of impedance Z will then allow directional decisions to be made based on the relative 
polarity of the two superimposed signals. 

Figure 4 shows typical Delta I and Delta V for a phase A to ground fault with relay A seeing the fault in 
the forward direction and relay B seeing the fault in the reverse direction.  

 



 

Figure 4 Typical superimposed signals. 

 

For the implementation of the delta directional principle with superimposed values calculated with the 
two previous cycles, under healthy system conditions, the prefault values are those measured two 
cycles earlier, but, when a fault is detected, by a Delta current greater than setting, the prefault values 
are retained for the duration of the fault. 

Under developing fault conditions or following the clearance of a fault on a parallel line it is sometimes 
necessary for the directional element to change from forward to reverse operation (or vice-versa). Any 
such change is monitored by Fault Detector elements which are overreaching forward and reverse 
distance elements.  

A further consequence of monitoring any change in the direction of operation using the Fault Detectors 
is that it prevents spurious operation on the non-power frequency signals which occur following faults 
on series compensated systems. After the normal measuring period, the Superimposed Signals consist 
of any remaining non-power frequency components of the current and voltage. Such operation is 
prevented because the reverse Fault Detector does not operate for the forward fault and there is 
therefore no agreement between the Directional count and the Fault Detector decision. 

 

Some cases have shown the delta directional principle being more secure for directional determination. 
The following case is an example of that: 

Figure 5 shows a case of an ABN solid fault behind the relay location. This is a parallel line with heavy 
load flowing out from the Relay location. Fault and prefault vectors shows how a -30° conventional 
memory directional line sees the fault in the forward direction while delta directional sees the fault in the 
reverse direction. Also note that a conventional -30° cross polarization directional line also would see 
the fault in the forward direction.  



 

Figure 5 Directionality case 

 

 

PHASE SELECTION 

Similar to directional determination, superimposed components can also be used to detect phase 
determination. One way this has been achieved is by comparing the magnitudes of the three phase-to-
phase superimposed currents. A single phase-to-ground fault produces the same superimposed current 
on two of these signals and zero on the third. This is shown in figure 6 where Delta AB and Delta CA 
are a higher while Delta BC is lower indicating AN as the faulted loop as long as there is not a pole 
dead. A phase-to-phase or double phase-to-ground fault produces one signal which is larger than the 
other two. This is shown in figure 7 where Delta AB is higher and Delta CA and Delta BC are lower 
indicating AB as the faulted loop. A three-phase fault produces three superimposed currents which are 
the same size. 
 



 

Figure 6 Superimposed current A-G Fault  

 

 

 

 

Figure 7 Superimposed current A-B Fault  



 

The following table shows the phase selection criteria achieved by comparing the magnitudes of the 
three phase-to-phase superimposed currents against a threshold. This threshold is dynamic. For 
instance the superimposed current threshold is automatically increased from its default level (5%In if 
all current phases are less than rated current) to a percentage of the highest phase current to prevent 
sporadic operation during high levels of sub-synchronous frequencies  ( which can be present in 
networks with series compensated lines). The threshold also varies during conditions such as power 
swing.  

 

Ph-Ph Delta I / 
Loop selected 

A B C AB BC CA 

∆I AB Valid yes yes no yes no no 

∆I BC Valid no yes yes no yes no 

∆I CA Valid yes no yes no no yes 

 

When phase selection is used with a distance relay, mix techniques with impedance loops are used to 
deal with slow clearance faults, evolving faults and cross country faults. With superimposed currents 
calculated with the two previous cycles, operation of the distance elements, is controlled by the 
Superimposed Current Phase Selector. Only impedance elements associated with the fault type 
selected by the phase selector can operate during a period of two cycles following the phase selection. 
If no such element operates, all elements are enabled for the following 5 cycles, before the phase 
selector returns to its quiescent state.  

Operation of an enabled distance element during the two-cycle, or five-cycle period, causes the phase 
selector state to be maintained until the distance element resets. An exception to this is when the phase 
selector changes decision while an element is operated. In this case, the selected elements are reset 
and the two cycle period restarts with the new selection. Note that any existing trip decision is not reset 
under this condition. After the first cycle following a selection, the phase selector is only permitted to 
change to a selection involving additional phases. 

 

DETECTION OF POWER SWINGS 

The company’s author has used for more than 20 years a unique power swing detection that uses a 
superimposed current (∆I) detector similar to the phase selection principle described above. Power 
swing is used in conjunction with the superimposed phase selection described earlier. For each phase 
loop (A-B, B-C, C-A), the actual measured current is compared with the measured current from exactly 
two cycles earlier to generate superimposed currents. Superimposed currents appear during both fault 
conditions, and power swings. For faults superimposed components will not be present beyond two 
cycles (i.e. there is only a step change in current) During power swing conditions however, 
superimposed components persist beyond two cycles (i.e. a continuous change in current detected). 
We can use this fact to differentiate between faults and power swings. During a power swing (in the 
absence of a fault), the phase selector will indicate a three-phase selection, or a phase-phase selection 
if one pole is dead. Two phase selector elements PH1 and PH2 are used for detecting power swings 
and faults during power swings. At fault inception, PH1 detects a superimposed current greater than 
5%In on one or more loops.  At  this  point,  PH1 signals that PH2 must memorise the two cycles prior 
to this point, in order to retain a snapshot of the load condition prior to the fault. Thus, during the fault 
PH1 is calculating the superimposed current over the same continuously updating 2 cycle window of 
samples, whereas PH2 is always comparing the fault current to the prefault memorised load. This is the 
reason why after 2 cycles of fault current: 

 PH1 resets, as 2 cycles into the fault the selector is comparing fault current to fault current, 
which results in little or no delta. 

 PH2 remains picked-up, as it is still measuring delta with reference to the stored memory. 



This is shown in figure 8 

 

Figure 7 Superimposed current A-B Fault  

It is the length of time for which the superimposed current persists that is used to distinguish between 
a fault and a power swing. A power swing is deemed to be in progress if a three phase selection, or a 
phase to phase selection when one pole is open, produced in this way is retained for more than three 
cycles. This is shown in figure 8 at the time t2 . At this time the phase selector threshold is increased. 
A fault is detected during a swing when the phase selector operates, based on its increased 
threshold. Therefore, any operation of the phase selector causes PSB unblocking and allows a trip. 
For example, a fault causes the delta current measured to increase above twice that stored during the 
swing. This is a step change in delta I rather than the expected gradual transition in a power swing. 

Figures 8 and 9 shows the phase selector timings used to detect power swing and faults during power 
swing.   

 

 

Figure 8. Phase selector timing for power swing condition 



 

 

Figure 9: Phase selector timing for fault during a power swing 

 

 

 

OPERATING TIMES FOR DELTA BASED RELAYS 

The following curves show operating tripping times for relays protecting a typical line of 10<70° ohms 
impedance (1 Amp input CT) and at 60 Hz . Times are quote with high speed high break contact outputs 

 

Figure 10. Directional Comparison relays based on Delta principle.  Times are quote depending 
on SIR at each end of the line. 



 

 

Figure 11. Distance relay where phase selection and Directional decision are based on Delta 
principle. Comparators are standard.  

 

 

SOURCE IMPEDANCE DETERMINATION  

 

In the Directional Determination principle described earlier, it was described how the source impedance 
behind an IED location can be calculated using the superimpose values of voltage and current.  

 

Zeq =  - ( ∆Vr / ∆Ir ) 

Where, Zeq is the short circuit impedance ( Zsource ) behind the IED location. 

With the calculation of the source impedance behind the IED, estimation of the short circuit level is 
possible given a suitable event in the grid.  

Estimation of the short circuit is in some locations of the grid has been used for different purposes. One 
of them is in the case of a HVDC station connected to the DC line.  If a HVDC converter particularly 
LCC- line commutated converter is connected to a weak AC grid relative to the DC power, i.e. the AC 
system is seen as a high impedance at the AC/DC connection, problems with power frequency stability 
and voltage can occur.  The weaker the AC grid is, the greater the AC/DC interactions.  Even a small 
DC link connected at a point of high AC system impedance can have an adverse and considerable 
effect on the local network, even if the local network may be a part of a larger AC system. This is well 
documented in [5].   The terminology used is called Short Circuit Ratio (SCR) which is defined as the 
ratio of the connected grid SCL to the size of the converter.  For example, the SCL of the grid is 
1000MVA and the size of the converter is 200MW then the SCR is 1000/200 = 5.  

The guide [5] mention: 

A High SCR AC/DC System is categorized by an SCR value greater than 3 

A Low SCR AC/DC System is categorized by an SCR value between 2 and 3 

A Very low SCR AC/DC System is categorized by an SCR value lower than 2 



Depending on the SCR of the system, different actions have to be taken. In case of very low SCR ac 
system, actions towards the strengthening of the system has to be taken.  

By having an estimation of the AC source impedance at a determined location, is possible to avoid 
running generators when they are not needed, add or remove synchronous compensators and filters.  
If the required short circuit power is not met i.e. the SCR is not met, the operator can dispatch more 
generators or connect synchronous compensators.  

An application was created for a large European TSO which has AC/DC links, where the short circuit 
capacity is calculated at the terminal of the converter. For this purpose, Phasor Measurement Units 
(PMUs) were installed specifically for this short circuit calculation. These PMUs measure the voltage 
and current of shunt reactors and capacitors connected at the AC converter terminal. Events are 
triggered by switching a shunt element on or off. The switch is deliberately when it is required to update 
the short circuit level value. These has helped a large European TSO the use of less conventional 
generation near the AC/DC link. 

There are some other ongoing studies using the same principle to predict fault level in distributed 
generators (DG) systems where there is a potential increase of fault levels due to the contribution of 
the connected DGs. The fault current can possibly exceed the opening capacity of the related breakers, 
due to the contribution of fault currents by DGs. The aim of the study is to avoid the refurbishment of 
circuit breakers in active distribution networks. 

 

USE OF THE TECHNIQUES IN DIFFERENT PROTECTION APPLICATIONS 

 

Superimposed (Delta) techniques have been used extensively and successfully for more than 30 years 
by the company’s author in multiple relay protection applications: 

 Directional determination has been used to achieve directionality of Distance relays, Directional 
comparison relays and most recently in in the fault level prediction in active distribution networks.  

 Reliability of phase selection technique based on superimposed technique has allowed its use in 
Distance, Aided Directional Earth Faults (DEF) and Directional comparison relays. 

 Power swing technique has provided a way to detect very fast oscillations which are otherwise difficult 
to detect with conventional rate of change of impedance method.  

Most recently, with these delta techniques have been used to determine the short circuit level to take 
actions in a HVDC link at the point of connection with the AC grid.  

 

 

CONCLUSION 

Superimposed components (delta) based principle has been used in commercially available relays from 
the author’s company and have been successfully protecting the transmission lines for more than three 
decades. Delta directional technique have been complimented by delta based phase selection and delta 
current based power swing technique, to provide fast and secure operations for most faults in the power 
system. This is achieved even when protecting complex power systems and compensated transmission 
lines. Most recently this principle is being used to assist smart grid in functions such as fault level 
calculation in AC/DC links at the convertor stations.  
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